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BACKGROUND 
l.l Introduction and of the stu 
In Sweden approximately half of the water consumed consists of surface 
water, which ordinary needs treatment of some kind before consumption. 
The predominant treatment process is coagulation ~ flocculation by means 
of a hydrolysed metal salt, in practice almost exclusively aluminium 
sulphate. The yearly amount of surface water chemically treated in Sweden 
is about 450 · 106 m3. Annual investment costs for treatment facilities can 
be estimated to 80 . 106 SEK/year. Methods to assure that these resources 
are used effectively are, of course, of greatest interest. 
The fact that the quality of the treated water may have an impact on 
human health, is also a motive to ascertain the safety and effectiveness 
of the treatment process. 
The surface waters used in Sweden are frequently only slightly affected 
by industrial or municipal waste water. They can b~ classified as low-
turbidity waters, containing humic substances causing some colour. 
In figure l l a typical water treatment plant using chemical treatment 
is shown: 
Raw 
Rapid 
mix 
Chemicals 
Flocculation Sedimentation Filtration 
Fig l-1. Flow diagram for a typiccl water treatment plant 
Effluent 
The purpose of the treatment considered here, is to remove particulate 
matter in suspended or colloidal form from the raw water. A chemical 
(usually aluminium sulphate) is mixed into the water, forming precip-
tates including particles present in the raw water. Thus a separation 
nf the raw water impurities is rnade possible. 
2 
There are essentially four basic units, that affect the solid-liquid 
separation: The mixing of chemicals into t raw water, the floccula 
tion, the sedimentation and the filtration units. The main attention 
in this study is laid upon the flocculati s imentation processes. 
The objective of this study is to ~Jrovide data and procedures for an 
appropriate design and the optimal operation of a conventional chemical 
water treatment plant, particularly the flocculation operation. 
The methods encountered in the literature r the estimation of the 
effects of various flocculation conditions on a practical sedimenta-
t·ion r2sult, are limited. Numerous flocculation theories exist founded 
on probable flocculation 1necr1anisrns, but 'tJater· plant operator have no 
use of them since the theories regularly cannot predict the sedimen-
tation properties of the floc suspension. On the other hand there 
exist empirical relationships with that capability however with limi 
ted theoretical sense. 
This treatise is meant to be an attempt to overcome the gap between 
theory and practice in this respect. Firstly, a ion of changes 
in settling properties is developed from which it is relatively simple 
to make conclusions concernin~ the response of the practical sedimenta 
tion result to various flocculation conditions. Then a mathematical 
model is r.~veloped, where the particle size distribution is taken into 
account. Such a theory is of great2st interest as a means to under~-
stand the flocculation process and to able to study it more syste-
ma ti ca lly. 
The waters studied are natural waters containing mainly humic su 
stances, with low turbidity (little ted by industrial or municipal 
waste water) and for consumption after chemical treatment. In 
order to avoid scale ts, most studies concerning flocculation are 
carried out in pilot-plant or full scale treatment plants. 
The flocculation is performed in agitated tanks. The subsequent separa 
tion steps sedimentation and filtration are studi where sedimen-
tation attracted most attention. Only coagulation with aluminium 
sulphate is considered. 
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Processes as adsorption and disinfection are not treated in this 
thesis. 
l . 2 
Some confusion exists about the terms "flocculation" and ••coagulation", 
which sometimes are used synonymously, sometimes to denote different 
steps in describing the process of creating aggregates of particles 
which can easily be separated from the water. 
Fiessinger (1978) presented one usual way of designating the different 
steps of particle aggregation (Table 1-l). The particles involved are 
often colloidal, resisting aggregation by their surface charge. The 
surface potential has to be decreased in some way (particle destabili 
zation) before two particles can become so close that they get attached. 
After destabilization, particles can come into contact by their 
differential motion caused by Brownian motion, velocity gradients or 
differential settling. The latter step is usually referred to as the 
particle transport step. 
The reagent causing the particle destabilization is usually dissolved 
to form a feed solution which is dispersed and mixed into the water. 
In contact with water, the chemical reacts, forming products active in 
destabilization of particles. 
In Table l-1, the tenn coagulation is used for the destabilization step, 
and flocculation means particle collision and growth. The perikinetic 
flocculation is governed by molecular motion, and the orthok·inetic 
flocculation is induced by velocity gradients in the fluid. 
As an alternative terminology the term "microflocculation" has been 
introduced, to charactetAize the step between "true" coagulation and 
"true" flocculation. 
1. 
2. 
3. 
4. 
4 
Table l l. Terminology associated with aggregation of colloidal 
particles. Fiessinger (1978) 
STEPS PHENOMENA TERMINOLOGY 
(genera 1) 
REAGENT FORMATION 1.1 Preparation: dissolution, ionisation, Dilution 
polymerisation ... 
-------------- --- --- ~-- --
1.2 Introduction: dispers-ion diffusion. F1 ash-mixing 
Contact reagent-particle. 
1.3 Reaction with water: ionisation, Hydrolysis 
hydrolysis, polymerisation. 
Formation of metal-hydroxo complexes 
with Al and Fe salts. 
- ---------------------------,---
PARTICLE DESTABILISATION 2.1 Compression of the electrical double 
layer by non hydrolysing counter ions. 
-- Coagulation 
2.2 Reduction of surface potential tht'OUgh 
chemisorption of hydrolysing metal ions 
or surface active substances (chemical 
reactions). 
------ Coagulation 
2.3 Enmeshment in a precipitate (sweep r--------
flocculation). 
Micro c 
2.4 Interparticle bridging through specific flocculation 0 ·r-
+-> 
adsorption of coagulant or flocculant m 
en (polymeric) species. Mutual aggregation. QJ 
!.... 
----- en 
PARTICLE TRANSPORT 3.1 Brownian motion (thermal diffusion). For Peri kinetic en c:t: 
(co 11 is ions ) particles of size< 1 pm. flocculation 
3.2 F1 uid (velocity gradients G). 
---------- Orthokinetic Flocculation 
3.3 Particles (differential) motion: e.g. flocculation 
settling, flotation. 
SEPARATION Sedimentation, flotation, filtration . .. 
---
--
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Packham (1977) defined flocculation as ''that part of the process 
in which the size of the aggregates of destabilized particles is in-
creased as a result of some kind of agitation", which is in close 
agreement with the definition above. However, the term "coagulation" is 
used by Packham to denote the overall aggregation process. 
It is also possible to find authors who use "flocculation 11 as a general 
term, Ives (l978a). 
LaMer (1964) uses the terms flocculation and coagulation to distinguish 
between two different types of particle destabilization; coagulation for 
the reduction of electrostatic repulsive forces and flocculation for 
bridging of particles by water soluble polymers. Which one of these de-
finitions is the most appropriate for the aggregation of colloidal 
matter by aluminium or iron salts in water treatment is not obvious. 
The present author will adopt the view of Packham. Thus coagulation is 
used to denote the overall particle aggregation process, and floccula-
tion means growth of particles by means of agitation. 
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2 COAGULATION 
Water treatment by the use of aluminium and ferric salts ·is a well 
known practice and investigations concerning the nature of the 
precipitation process have been carried out since the 19th century. 
In spite of this there do not exist adequate theories to predict 
treatment results. In practice one has to rely on the method known 
as the jar test. The lack of a consistent theory is of course, to 
great extent due to the nature of impurities in the raw water 
which can vary within vast limits. 
A brief summary of concepts encountered in literature is given 
below, mainly based on reviews made by Packham (1962 a b, 1963), 
Hall and Packham (1965), AWWA Committee Report (Sin9ley et.cce., 
1971), Fiessinger (1977, 1978), and Packham and Sheiham (1977). 
2. l . l Colloid stability 
Many substances encountered in natural waters are present in the 
form of particles of the size of 0.005 to 0.2 wm, with the 
physicochemical properties characteris c for colloids. The ability 
of a substance (not in true solution) to remain permanently in the 
water, is usually in this context thought to be associated with 
colloid stability. 
Usually a surface charge develops, caused by e.g. dissociation of 
functional groups on the surface or by adsorption (Lyklema, 1978). 
The surface charge has great significance for the stability because 
of the large specific surface area of the colloid particles. 
In the vicinity of the colloid particle in a solution ions with a 
charge opposite to the surface charge (counter· ions) will accumulate 
to accomplish electroneutrality. 
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Helmholz (1879) developed a theory based on the concept of two surface 
charges separated by a distance, which could be treated as an electric 
condensor. Gouy (1910) and Chapman (1913) introduced the effect of the 
diffusion of counter-ions out from the surface caused by their 
concentration gradient. As a result a diffuse double layer is developed. 
Stern (1924) combined a fixed layer of counter-ions with the diffuse 
double layer. The mathematical treatment of these models, however, 
are beyond the scope of this study and reference is therefore made 
to the authors mentioned above. 
The extent of the electric double layer is affected by the ionic 
strength in the bulk of the solution, and together with the absolute 
value of the charge on the particle surface, itwill determine the size 
of the repulsive for'ces when two particles get close to each other. In 
the immediate vicinity of the particle, attractive forces caused by 
atomic interactions, London - van der Waal forces, are predominant. 
The electric double layer thus causes an energy barrier to be over-
come before aggregation can take place. 
In an electric field the charged particle will move together with a 
part of the electric double layer. From electrophoretic mobility 
measurements (velocity of the particle per unit of field strength) 
property called zeta potential can be calculated, see e.q. Riddik 
(1961). The zeta-potential can be -interpreted as a measut~e of the 
energy barrier and the colloid stability. 
O'Melia (1972) distinguished between four mechanisms to destabilize 
a colloid. 
Compression of the double layer. ~y adding an electrolyte 
the ionic strength of the solution will be increased and the 
volume of the electric double layer will be reduced. This 
may cause the energy barrier resisting aggregation to 
diminish. Another way to compress the electric double layer 
is to increase the va 1 ~nce of the counter-ions, as expressed 
in the Schulze-Hardy rule for the critical concentration of 
coagulant . 
2 Ad ion and cha n_eu~!al izatio_n. If, for example, surface 
active substances with a charge opposite to the surface charge 
is adsorbed, the primary charge can be partly or completely 
neutralized. 
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concentrations of a coagulant is used causing precipitations of 
e.g. a metal hydroxide the colloid particles can be absorbed 
into the precipitate or even serve as precipitation nuclei. The 
latter effect can result in an inverse relationship between 
particle concentration and critical dosage of coagulant. 
4 _?_e_idgi_~_g_Ey _ _p_gJ..~!!l-~_Y.'_?· When polymers (synthetic or metal 
hydrolysis products) are used for coagulation, the long polymer 
chains are thought to create particle aggregates by bridging 
between particles. 
All these mechanisms of destabilization of a colloid (in addition, 
there are also other mechanisms proposed) are to varying extent 
usually considered to be effective when aluminium is used as a 
coagulant. For further discussion it is rred to Section 2.3. 
In some cases it is possible to overdose the coagulant, thus causing 
the colloid to be restabilized by e.g. charge reversal. 
2. l. 2 Hydrolysis of aluminium 
The hydrolysis of aluminium yields a variety of hydrolysis products 
capable of affecting colloid ility 
The Al 3+-ion in aqueous ution is strongly hydrated, surrounded 
by six water molecules in an octahedral configuration, which may be 
represented as Al(H2o) 6
3+. The hydrolysis of this ion yields the 
following dissociation steps if coordinated water molecules are 
omitted: 
3+ 2+ + Al :_ Al(OH) +- Jl.l(OH) 2 +- Al(OH) 3 ~ Al(OH) 4 ( 2 1 ) 
Between each step a proton is eased as stated in eq (2 2) 
(2 2) 
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The relative amount of the spieces according to eq ( l) is depending 
on the pH of the solution and the various equilibrium constants. The 
amount of dissolved aluminium in equilibrium is governed by the 
solubility of aluminium hydro~ide. In the range pH 6 7, 
a maximum amount the uncharged Al(OH) 3 is produced, which is 
forming a gelatinous precipitate. 
At higher and lower pH-values the precipitate may redissolve because 
of forming of aluminate and positively charged hydroxocomplexes, 
respectively. In the pH-interval 6-7 less than 10-6 M aluminium is 
dissolved; thus an analysed residual of about 0.01 mg Al 3+;l is to 
be expected. As nearly all of the added aluminium will form Al(OH) 3 
the overall acid-base reaction can be written: 
Al 3+ + 3H 20 t Al(OH) 3 + 3H+ 
+ -3H + 3HC03 ~ 3H2co 3 
(2-3) 
At the hydrolysis the H+-ions released will be netralized as far as 
possible by the alkalinity. In natural waters the alkalinity almost 
exclusively is determined by the HC03 ion. Eq (2-3) is valid as a 
basis for pH-calculations (by means of the carbonic acid equilibrium 
equations) if the alkalinity of the water is sufficient, otherwise a 
base has to be added. 
In addition to the monomeric ions in eq ( l ), polycations as a result 
of polymerization like Al 8 (0H) 2 ~+ or Al 7 (0H) 1 ~+ has been proposed 
(Brasset, 1952, 1954, Matijevic et.aR. 1961). These ions are thought 
to be more tive in coagulation than the monomers. 
Sull1van and S·inqley ( 1968) however, state that the hydrolysis of 
alun1inium could be explained on the basis of mononuclear species. 
Usual Jy a solution of Al-sulrhate is prepared before addition to the 
water. The concentration is often ca. 5% by weight. Fiessinger 
(1976, 1978) and Bersillon et.ot. (1978) report that polymerisation 
in the stock Al solution could be accomplished by adding a certain 
amount of OH ions prior~ to addition to the water. The coagulant 
achieved in this way is claimed to be more effective than a simple 
aluminium-sulphate solution. 
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Other anoins present may intervene in the polymerization process and 
result in different chemical properties of the precipitate. Especially 
phosphate is reported to lower the optimum pH-value for turbidity 
removal. Sulphate have the effect of broadening opt1mum pH-interval 
(Hanna and Rubin, 1970). 
Baylis (1937) reported that increasing alkalinity (added as calcium 
carbonate, magnesium carbonate or sodium bicarbonate) decreased the 
necessary coagulation time and broadened the pH range over which 
coagulation was obtained. 
Letterman c_;t. a£. ( 1979) present results of jar test concern 1 ng the 
influence of the initial bicarbonate ion concentration on the 
efficiency of turbidity removal. A marked improvement in residual 
turbidity was measured, from 25 to 2 FTU as the bicarbonate ion 
concentration was increased from 20 to 90 mg/l. An increase in initial 
bicarbonate concentration from 35 to 70 mq/1 permitted a decrease in 
the necessary alum dose for constant residual turbidity from 40 to 
6 mg/l. The effects of' anions as bicarbonate and sulphate were found not 
to be additive. 
2.2 Characterization of the raw water 
Natural waters contain dissolved organic and inorganic substances, 
colloidal matter of organic or inorganic orgin, and also coarse 
suspended matter. The main attention here will be given the colloidal 
matter and for practical purposes it is convenient to apply the 
definition used by Packham (1962). He distinguishes between colloidal 
matter causing turbidi and that giving rise to colour. 
The turbidity is caused by mainly clay minerals, the colour is 
associated with what is usually called humic substances. The distinc 
tion is useful not only because the different origins of the 
colloids; the optimum conditions and mechanisms for removal have 
been shown to be different as well (see Section 2. 3). 
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2.2. l Aquatic humus 
Humic substances are the dominant part of organic matter in natural 
waters. They consist of a complex mixture of organic compounds of 
natural orgin, principally from plant residues. The humic content in 
the water that causes a yellowish-brown colour is the water 
extractable fraction of soil humus, also called fulvic acid. 
According to Gjessing (1976) the differences in physical and chemical 
properties between humus in soil and humus in water are relatively 
small. Different fractions of the humic substances are often 
classified according to their solubility in acids and bases. The 
relevance has been discussed of differentiating between fulvic acid 
(soluble both in acids and in basis) or humic acid (soluble in bases 
but not in acids). The humic substances are acid, with a molecule 
weight of 102-105 (Pierrou, 1977). 
The precise molecular constitution is uncertain. Available evidence 
suggest that humic substances are formed in the soil by polymerization 
of phenolic units derived from bacterial synthesis or breakdown of 
lignin. E.g. alcoholic OH, phenolic OH, carboxylic acid and quinonoid 
groupings have been domonstrated (Hall and Packham, 1965, Gjessing, 
1976). 
Humic and fulvic acids are considered to be harmless, from public 
health point of view. However, they are able to form stable complexes 
with heavy metals and can adsorb pesticides. Chlorination is shown to 
form chlorinated by-products, a numerous amount of compounds has been 
detected, e.g. chloroform (Rook, 1974). 
2.2.2 Analytical methods 
The methods briefly described here are simple and common in 
water treatment practice. For more extensive description of analytical 
methods see Gjessing (1976). 
Because of the complicated structure of the humic substances the 
analytical methods for quantitat ve determination are unspecific, 
a summary measure is obtained maybe reflecting different constituents 
to varying extent. 
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Colour 
Colour determination can be made with a comparator, where the colour 
of the water is compared to solutions of colour forming substances of 
known concentration. The reference solution for the colour determination 
is a platinum cobalt chloride solution. A photometer can be used for 
absorbance measurements at a specific wavelength. The platinum cobalt 
solution has an absorbance maximum near 430 nm. 
Colour measurements reported later 1n this chapter were carried out 
at the wavelength 436 nm The results are given as the absorbance with 
a 4 em cell. The relation between the absorbance reading and the unit 
mg Pt/l was found to be 
mg Pt/l (2-4) 
4 em 
where E436 is absorbance at 436 nm, 4 em cell. 
Unfortunately the a~sorbance of visible light is greatly affected 
by the turbidity of the samples. Even after filtering the samples, 
the turbidity could vary to a great extent. A rough indication of 
the influence of turbidity was obtained by mixing turbidity and 
colour standard solutions and simultaneously recording the turbidity 
and the absorbance. The solutions were prepared according to Swedish 
Standards, a platinum cobalt chloride solution and a standard 
formazin turbidity solution, respectivel~ In the mixtures the colour 
ranged from 0-100 mg Pt/l and the turbidity from 0-10 FTU. The 
expression in eq ( 5) was found to approximate the obtained result 
rather well : 
~FTU · 1.3 · 10- 2 (2-5) 
4 em where ~E436 is the difference in absorbance measurement caused by 
the change ~FTU (formazin turbidity units) of turbidity. 
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nate number 
Traditionally in Europe, oxidation with ·potassium permanganate 
(heating under acid conditions) has been used as a quantitative 
method. This method will be denoted CODMn and results given in 
mg reduced KMno 4 per litre. The oxidation of the organic content 
hereby, is not complete. Gjessing (1976) reports that not more 
than 30-3 of the humic substances is converted to co2. Though 
questionable for that reason the method has been used since the 
19th century, and is still used as a routine analysis. 
UV-absorbance 
Humic substances have no observable absorption maximum neither in 
the visible nor in the UV-range. Nevertheless absorption measurements 
around the wavelength 250-260 nm have been shown to be useful as a 
measure of the content of humic substance (e.g. Schilling, 1975). 
Dobbs et.af. (1972) have reported useful correlation between ultra-
violet absorbance (at 254 nm) and TOC for numerous aqueous systems. 
Dobbs also studied the influence of turbidity. A relationship 
according to eq 6) was established: 
5 em 
254 t\JTU · K (2-6) 
The constant K in eq (2-6) varied depending on how the character 
of the particles causing the turbidity varied. By filtering sewage 
effluents K 0.045 was obtained. By adding different amounts of 
colloidal silica and bentonite the values 0.06 and 0.13, respec-
tively, were measured. 
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2.3 Removal of humic substances 
----------------------------------------
2. 3. 1 Coagulation mechanisms and stoichiometry 
Stumm and O'Melia (1968) discussed different modes of destabilization 
of colloids and their relation to phenomena as e.g. the possibility 
of overdosing (restabilization). Stumm and O'Melia also used the term 
sto-ichiometry. The latter concept can be applied if there exists a 
quantative relationship between the necessary coagulant dose and the 
concentration of the colloid. Stumm and O'Melia used the surface area 
of colloids as a 11 Concentration" measure. Results were presented 
where colloidal silicia was coagulated with hydrolysed Al(lll) and 
Fe(lll). 
A destabilization according to the double-layer-theory would imply 
the absence of chemical interaction and adsorption. A coagulant 
dose in excess would have no effect and the required dosage would 
be virtually independent of colloid concentration. According to 
the chemical bridging model, optimal destabilization is reached when 
approximately half of the colloid surface area is covered. Thus a 
linear relationship between coagulant dose and surface area is to be 
expected, and restabilization due to complete surface coverage is 
possible. 
If hydrolysed metal ions are adsorbed on the colloid surface, resta-
bilization accompanied by charge reversal can occur. Stoichiometry 
is possible but does not always occur, according to Stumm and O'Melia. 
The mechanism of sweep coagulation, where an excess of coagulant is 
forming insoluble hydroxide, is stated not to be stoichiometric. 
Packham (1963) discus mechanisms of turbid water clarification. 
He found that the coagulation of dilute suspensions of clay particles 
was almost independent of the chemical nature of the particles. 
Aluminium sulphate was most efficient under conditions leading to 
rapid precipitation of aluminium hydroxide with pH around 7. The 
required dosage was inversely proportional to clay concentration. 
Packham emphasized the role of insuluble hydrolysis products in the 
coagulation. The function of the metal hydroxide was to provide a 
large number of particles and thereby increase the particle 
aggregation rate. 
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Licsk6 (1976), however, states the importance of polynuclear metal 
hydroxide complexes in the removal of turbidity from a natural colloid 
dispersion extracted from the River Danube. He demonstrated that 
the metal hydroxide sols are adsorbed on the discrete colloid 
particles and not the latter on the large floes. "Aged" floes are no 
more capable of appreciably affecting the stability of colloidal 
dispersion. The importance of a rapid and uniform distribution of the 
coagulant is stressed upon, otherwise the possibility exist that a 
considerable portion of colloid particles will not be embedded in the 
floes. Because of insufficient data given by Licsk6, it is not clear 
to what extent organic matter in the natural water is contributing to 
the result obtained (see below). 
The mechanisms involved in the removal of humic substances are 
clearly different from those involved in turbidity removal. Hall and 
Packham (1965) presented results that do not seem to be in accordance 
with any of the destabilization mechanisms presented above. The re-
quired coagulant dose was found to be roughly proportional to the 
concentration of humic or fulvic acids. Optimum pH-range for removal 
of humic substances was pH 5 6. The presence of clay had little 
effect on the removal of fulvic acids. On the other hand, the 
presence of fulvic acids lowered the optimum pH for turbidity removal 
and increased the required coagulant dose. Hall and Packham concluded 
that the removal of humic substances, contrary to turbidity removal, 
may be explained by a process of chemical precipitation. The effect 
of phosphate to lower the optimum pH has been explained by the 
interaction of the phosphate ion in the coordination sphere of the 
aluminium ion. If humic substances behave in the same way, a pre-
cipitation of aluminium humate could account for observed results. 
The suggested mechanism imply some kind of a stoichiometric relation-
ship between coagulant dose and the concentration of humic substances. 
Besides a restabilization of the colloids when the dosage is in-
creased would not be plausible. Results in accordance with this 
general view will be presented later in this chapter. However, 
Schilling (1975) reported results that are interpreted as a resta-
bilization effect. when the dosage of aluminium sulphate is increased 
over a certain limit. The experiments were carried out whit 
waters containing high concentration of humic acids. 
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The view of Hall and Packham is su~narized as follows: 
"The extent to which humic substances are removed in coagulation is 
determined by the availability of the appropriate basic aluminium 
ion and the extent and type of ionization on the humic acid molecule. 
As the appropriate acid group of humic acid appears to be incomple 
tely dissociated at pH 5, colour removal is limited at lower pH-
values by both these factbrs. As the pH is increased, colour removal 
reaches an optimum and then declines, owinq to the ionization of other 
groups (probably of phenolic character) on the humic acid molecule 
that can form a soluble complex with aluminium, thereby reducing 
precipitation. This effect can be overcome by increasing the coagu 
lant dose, but at a certain aluminium ion activity the hydroxide 
precipitates, preventing further colour removal. 
in the presence of humic substances the coagulant dose for 
turbidity removal is increased ... owing to the fact that aluminium 
hydroxide cannot precipitate until most of the humic matter has been 
comp l exed. 11 
Narkis and Rebhun (1975) and Klute e:t.af. (1979) found that when 
coagulation of clay was accomplished by a polyelectrolyte, the presence 
of humic substances increased the required dosage. The polyelectrolyte 
first reacted with the acid groups of the humic substances; not until 
after complete reaction with the humates, coagulation of the inorganic 
colloids could take place. The organic matter thus served as a 
coagulation inhibitor. 
Narkis and Rebhun (1977) reports a linear relationship between alum 
dosage and content of humic acids at low humic acid concentrations. 
The chemical interaction with the humic acid was postulated to involve 
trivalent aluminium hydroxo complexes. A stoichiometric relationship 
was also found by van Breemen e~.a£. (1979), Haff (1978). 
Black e;t.af. (1963), in coagulation experiments with ferric sulphate, 
conclude that the pH for maximum colour removal can be predicted 
from the colour of the raw water alone. The minimum dose of ferric 
sulphate r·equir'ed, at that pH to give acceptable colour, is essentially 
found to be a linear function of raw-water colour. 
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Haberer and Normann (1976) report increased removal efficiency of 
organic matter by a two stage process: coprecipitation with Caco3 
after lime addition (pH 10,5) and subsequent coagulation at pH 6 
with ferric chloride. 
0 vera t h c t. ai . ( l 9 7 9 ) i m proved the pur i f i cat i on e f f i c i en c y for a 
given amount of ferr·ic chloride by adding an acid. The waters used 
were highly buffered (ca. 2,7 mmol Hco;;l) and reported results are 
only effects of adjusting the pH. 
Helenius (1972) gives examples of stoichiometric relationships 
used in practice to determine the required dosage of aluminium 
sulphate. Some rules of thumb are presented in eqs ( 7) to (2-9). 
D 0.8 ... 1.0 · RK (2-7) 
D 0.3 Rf + 0.1 · RS + 15 ( 2-8) 
D 0.7 . Rf + 15 (2-9) 
where D is ppm aluminium sulphate 
RK is the raw water CODMn' mg KMno4; 1 
Rs is the raw water turbidity, mg Si02/l ( 1 FTU r,J 2 mg S i 02 I 1 , 
Hedberg, 1976) 
Rf is the raw water colour, mg Pt/l 
Helenius made a statistical analysis of applied aluminium suphate 
dosage at 14 Swedish and 14 Finnish water works. Examples of obtained 
regression equations are given in eqs (2-10) to (2-12) 
D - 16 + 0.45 RK + 0. 10) 
D 17 + 0. 68 RK 
D 23 + 0.48 Rf ( 2- l 2) 
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2.3.2 Experiments 
Coagulation tests on a laboratory scale were carried out at 20 
Swedish water treatment plants The results are shown in fig 2.2 to 
2. 41. 
The scope of these experiments was to achieve comparable results from 
each water treatment plant, in order to answer the question how the 
treatment result was affected by coagulant dose and pH. The intention 
was to establish a "base-l·ine" to which the actua·l treatment result 
at the plant could be related. In addition some general insight was 
thought to be gained, for example, if there is any measurable property 
in the raw water that can account for different optimum coagulation 
conditions. A standardized jar test procedure was developed. The 
experiments were carried out from the middle of March to the middle of 
June 1979. 
2. 3. 2. l Jar-test procedure 
The experiments were performed in litre jars (see fig 3.30), which 
were placed in a water-bath with a flow through of tap water. In that 
way a constant temperature was maintained during the coagulation 
sedimentation process. The receptacle had room for eight 2 l beakers 
simultaneously. 
During intense mixing the requi amount of pH-adjusting chemical 
(NaOH or HCl) was added and after that the dose of aluminium sulphate. 
The flocculation scheme according to table 2-l was started after that 
chemicals had been added to all jars. G-values in table are 
calculated according to eq (3-100) (a temperature of 5°C is assumed). 
Tab]~~- Flocculation pattern in laboratory experiments. 
After the flocculation time (30 min), stirrers were removed and the 
floes were allowed to settle for l h. 
19 
2.3 2.2 Analyses 
During flocculation, pH was c ked (pH-meter Radiometer PHM52b, pH-
electrode Ingold 421 88) and floc turbidity was measured (Hach Turbidi 
meter 21 00 A). 
After sedimentation samples were taken at 15 em depth for turbidity 
measurement. The remaining water was filtered through a paper filter 
U~unktell 00 52-80-150). The firstappr. 100 ml were discarded 
appr. 500 ml filtrate were used for analyses. Turbidity measurements 
and absorbance measurements at 254 nm and 436 nm were carried out 
immediately. For absorbance measurements a Beckman photometer DB-G, 
usually equipped with a 4 em cell was used. No pH-adjustment of the 
samples was made before absorbance measurements. The colour of a 
humic water is sometimes said to be affected by pH. Some preliminary 
test were made, however, and the addition of a buffer solution 
virtually had no effect on the measurement within the actual pH-
interval (5.5-7.5). 
Samples for the analysis of aluminium and CODMn were transported 
to the laboratory. The latter samples were preserved by adding 5 ml 
25 ~ H2so4 to 100 ml of water. The analyses were performed within 
a week. 
Aluminium was analysed photometrically, reagent: Alizarin S, according 
to Deutsche Einheitsverfahren zur Wasseruntersuchung, Chapter E9. 
For practical reasons only concentrations below l mg Al/l was quanti-
tatively determined. 
2.3.2.3 Chemical dose 
Three different doses of aluminium sulphate were applied for each raw 
water, usually the dose at the water treatment plant and in addition 
with a higher and a lower dose, + 10 ppm aluminium sulphate. A feed 
solution of 20 g Al sulphate/l was renewed each day from a stock solu-
tion of 200 g Al-sulphate/1. The chemical for pH-adjustment was added 
in such amounts that the value after aluminium sulphate addition 
was calculated to vary between pH 5.5 in the first jar up to 
appr. pH 7.5 in the eighth. For a rough estimate of required dosage 
of pH-adjusting chemicals fig 2.1 was used, where the pH of the raw 
water (pH0 ) and the desired coagulation pH (pHs) determine the 
value of (L-A)/8. 
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A is the number of acid equivalents added with the aluminium sulphate 
dose. The value of A for the aluminium sulphate used (Boliden alumi-
nium sulphate, 17-18% A1 2o3) was found to be less than the theoretical 
value based on the aluminium content. By titration the following 
relationship was established 
A= dose aluminium sulphate (mg/l) · 0.85/100 (meqv H+/l) (2-13) 
B is the alkalinity of raw water, approximated by titration with 
HCl to pH 4.3 (Grohman 1975). L is the dosage of pH-adjusting chemical 
to be calculated from the actual value of (L-A)/8. The result is 
obtained in meqv OH-/1. A negative L means addition of an acid. 
The curves are based on the assumptions that hydrogencarbonate (Hco;) 
is the main (and only) buffering ion, that the first dissociation 
constant for carbonic acid is pK1 = 6.5 and that no carbonate is added 
with the pH-adjusting chemical. The diagram was designed to simplify 
determination of the dose of pH-adjusting chemical. It was only 
necessary to carry out one acid titration, down to pH 4.3. The doses 
could then easily be calculated by means of fig 2.1. Usually the 
values were reasonably correct. This can be seen in the figures that 
follow: the eight pHs values in fig 2.1 were those aimed at, the 
values that was actually obtained are presented in fig 2.2 to 2.41. 
However great differences sometimes occurred for the most acid and 
alkaline pH-values. 
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Fig 2.1. Curves for approximative calculation of required 
addition of pH-adjusting chemicals. 
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2.3.2.4 Raw water properties 
Some characteristics of the various raw waters are given in 
table 2-2. The values are only representative for the days, 
usually two, when jar tests were carried out at the water treatment 
plant. The values in the table may differ slightly from those given 
in the diagrams, because the former are based on analyses on 
unfil raw waters. In fig 2.2 to 2.41 the results obtained are 
compared to filtered raw water (when the filtrate is considered). 
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2.3.2.5 Treatment of results 
The concentration of humic substances is measured by the parameters 
4 em 4 em CODMn' E254 and E436 . The residuals after filtration are 
expressed as percentage of the raw water value. It is assumed that 
the residual as a function of the pH-value can be described with an 
expression of the form: 
pH value 
c - c 2 0 (K · (H - H ) ) (2-14) ---- = e 0 
co c m 
where co is the raw water concentration 
c is the concentration at the pH-value H 
em is the minimum observed concentration 
If the assumption is correct,data can be linearized by the calculation: 
= K · (H Ho) (2-15) 
The sign is 
for pH < Hm 
+ for pH > Hm 
where Hm is the pH-value where minimum concentration (em) is observed. 
------
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Through the method of least squares the constants K and H
0 
are 
determined. H0 then not necessarily becomes equal to Hm. 
In the case of turbidity and residual coagulant after filtration, 
there is no way of expressing removal efficiency as a part of a raw 
water value. Therefore, for simplicity, a quadratic function is 
fitted to the data obtained: 
c H )) 2 + C o m 16) 
For each measure of organic content the result as a function of the 
coagulant dose is summarized in four curves: minimum residual, 
amount removed, the percentage removal and characteristic pH-
interval. The latter is calculated as 0.2/K, K according to eq 14) 
and describes how the result will change if the pH around the minimum 
value is changed. The mathematical meaning of this value, in relation 
to the calculated curve, is the pH-interval where the minimum value 
is exceeded with less than the amount 0. 01 · ( C
0
-C . ) . The ootimum 
m1n · 
pH-value (H0 ) is indicated at the top of this part of the figure. 
Concerning residual aluminium and the filtrate turbidity the minimum 
residual at varying coagulant dose is presented together with the 
variation of a characteristic pH-interval. In this case the interval 
is calculated as 2 ·/0. f/1< 1 , K1 according to eq (2-16). The expression 
in this case corresponds to the pH-interval within which the minimum 
value is not exceeded with more than 0.1 units (mg Al/l and FTU, 
respectively). 
The calculated pH-intervals are just meant to be a means of compari 
son within each variable and to give a general measure of the pH-
dependence. The two modes of calculating the characteristic pH-
interval are arbitrarily chosen for convenience; a covariation 
between the tv;o is probable, but their r~elative magnitude is of no 
significance. 
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ides the anal mentioned (after filtration), there are two 
other pH-depending relationships shown in the figures for each set 
of jar tests: the floc turbidity and the removal efficiency by 
sedimentation. The latter is expressed as the residual (percentage 
of initial floc turbidity) in a sample taken at 15 em depth after 
l h of imentation. The type curve represented in eq (2-14) is 
fitted to the data points. The imentation properties are treated 
in the same way as the ing residual organic substance. 
The floc turbidity is assumed to described by a Gaussian curve 
added on the raw water turbidity. On the acid and basic side, respec-
ti y the curves thus approaches the raw water turbidity. 
The interrelation of CODMn-values and Ei 5 ~m of corresponding samples 
achieved in each set of jar tests is summari in a diagram. 
The schematic method applied to fit curves of a predetermined 
type to the data has some inherent inaccuracy The number of values 
is limited and the loca on of a maximum or minimum value may be 
very uncerta·in, especially if it is determi by means of values 
located only on one side of the extreme value (! ). This is sometimes 
the case, unfortunately. Each test has just been carried out once. 
These curves must naturally be looked upon critically. Performance 
for other coagulant doses and for other parameters with the same dose 
is helpful when determining the reliabili of such a curve. 
The location (and magnitude) of a minimum value can also be uncertain 
due to experimental errors If, for example two equal minimum values 
are detected maybe with a slightly higher value in between, the 
calculation pattern demands a decision which is to be regarded as the 
minimum value Regularly in such cases, value corresponding to the 
lowest pH is chosen which may introduce some bias. Some curves, 
however, may look more arbitrary than really are. As e.g., 
aluminium only was measured quantitatively in concentrations less than 
1,0 mg Al/l there may be points, not present in the figure, on which 
considerations concerning possible location of the curve is based. Any 
practical way to represent analytical results such as > l mg/l, in a 
figure, was not found. 
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For simplicity, symmetry around the pH-value representing the minimum 
or maximum value has been assumed. Sometimes this is obviously not 
the case. For example, residual aluminium usually shows a more rapid 
increase on the acid side than on the alkaline. It was thought, how-
ever, that the limited number of data did not justify a more sophis-
ticated curve-fitting. The rough method proposed here, is believed to 
give enough information for the present purpose. 
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Fig 2-2. Results from coagulation tests at Bor§s water treatment plant 
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Results from co~gulation 
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Fig 5. Results from coagulation 
plant ( contd) 
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Fig Results from coagulation tests at Hofors water treatment plant 
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Fig 2-9. Results from coagulation tests at Hofors water treatment plant 
(contd) 
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g 10. Results from coagulation tests at Helsingborg (Ringsjon) 
water treatment plant 
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g 11. Results from coagulation tests at Helsingborg (Ringsjon) 
water treatment plant (contd) 
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Results from coagulation tests at Molndal water treatment 
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on tests at Monsteras water treatment 
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g lts from coagulation tests at Norrkoping water treatment 
plant 
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Fig Results from coagulation 
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2.3.3 Summary of jar test results 
2.3.3. l General conclusions 
The following general conclusion can be drawn from the figures 2.2 
to 2. 41: 
Organic matter is removed to varying extent depending on the measure 
that is used. The removal efficiency, per unit of coagulant dose, 
reases as the dose is i ncrea ; the total removal approacl,es a 
maximum value. 
Typical values for the maximum removal of CODMn E254 and l 436 seem 
to be 70%, 80% and 95%. The latter value, because the absorbance at 
visible wavelengths is relatively low, includes an appreciable 
effect of the turbidity that is reduced at the same time. 
A reasonably straight line is established when the two parameters 
CODMn and E254 are plotted against each other. In the permanganate 
analysis a constant·amount of maybe low molecular organic matter, 
is oxidized together with some of the total organic content. That 
part of the analysed value seems to be unaffected by the coagulant 
dose. As can be seen in the CODMn-E 254 plots there is in all cases 
an intercept on the CODMn axis. 
With inc ge, as removal increases the characteristic pH-
interval also increases. Optimum pH-values for removal of organics 
are virtually not effected by coagulant . Typical values are 
pH 5.7 5.8. 
The minimum aluminium residual moves from pH-values around and below 
6 up to ca. pH 6.5 as the dose is increased. The widening of the 
characteristic pH-interval is mainly due to increased removal 
efficiency (of Al) for higher pH-values. On the acid side the curve 
essentidlly remains the same. These effects are in accordance with 
the view presented by Packham, Section 2.3.1. 
Hall and Packham (1965) proposed, as mentioned a removal mechanism 
where humic substances are precipitated by the coagulant. In such a 
view, colloid destabilization mechanisms are not relevant and re-
stabilization effects could not be expected. This is confirmed by the 
experiments. Not in any case effects that could be interpreted as 
restabilization of humic colloids were observed. 
Filtrate turbidi shows same ncipal ies as the residual 
is less, especially aluminium. However the sensitivity to pH-cha 
for low pH-values. 
The pH for maximum floc turbidity assumed to reflect optimum condi-
tions for precipitation, essentially remains constant at the pH-
values shown to be most ve for the removal of humic substances. 
This is not clearly understood. As shown to be the case for aluminium 
residual and turbidity in filtrate and when sedimentation efficiency 
is measured, an increase of optimum pH-value can be observed as the 
aluminium sulphate dose increases. Thus the same behaviour for maximum 
floc turbidity was expected. it was expected that the floc tur-
bidity should increase linearly with coagulant dose. This can be obser-
ved sometimes at moderate doses but this t does not always occur. 
The measured floc turbidity caused by the same coagulant dose varies 
considerably if different raw waters are compared. Maybe these 
unexplained effects can cau by errors inherent in the turbidity 
measurement. It is known that e.g. particle size distribution affects 
the light reflecting properties but in the analysis efforts \'iere 
made to minimize this influence. 
2.3.3.2 Determination of requi dose of coagulant 
The determination of the required dose of aluminium sulphate is depen-
dent on the acceptable residual of the parameter in considerntion. 
Instead of a fixed residual the dose to achieve a certain removal per-
centage can be determined. Packham (1963), studying turbidity removal, 
considered the dose that halved the initial turbidity. 
The determination becomes more complicated when there are more than one 
parameter to take into account. Here it was decided to apply the follow-
ing values as desirable limits 
Table 2-3. Analytical values 
E~ 5~ 111 0.25 
CODMn 
E4 em 
436 
l 0 m g KM n 0 4 I l 
0.005 
Aluminium 
Turbidity 
0.05 mg Al 
0.15 FTU 
each analytical value: 
comparison with filtrate quality. 
70 
values were chosen to serve as a means to compare the different 
raw waters. They represent a reasonably good filtrate quality, that 
usually can be obtai without any great difficulty 
The required dose was calculated from the curves obtained according 
to ion 2.3.2.5, and was determined as the least amount of aluminium 
sulphate to be added for eq (2-17) to be valid at a certain pH-value: 
Y. 
I:(-1 w.) yk i 1 
< l w. 
l 
(? 17) 
where Y. 
1 
is filtrate residual, parameter i 
w. 
l 
is weighing factors 
yk is values ing to table 2-3. 
The weighing factors were chosen to be 1.0 for turbidity 2.0 for E254 , 
CODMn and E436 and 3.0 for aluminium residual. 
In table the obtai coagulant doses and the optimum 
pH-values are shown. 
Table 2-4. Requi coagulant and optimum pH-value 
------
Dose Optimum 
mg aluminium sulphate/l pH-value 
Boras 40 6,4 
Granges berg 19 6,2 
Goteborg (Lackareback) 28 6,5 
Hofors 20 6' l 
Helsingborg (Ring on) 87 6,5 
Harnosand 29 6,5 
Karlshamn 30 6,3 
Kramfors 37 5,9 
Lidkoping 27 6,3 
Lilla Edet 45 6,5 
r~ari 24 6,2 
Mjolby 62 6,2 
f'1o 1 nda 1 21 6,5 
Mons teras 145 6,5 
Norrkoping 53 6,3 
Nas 0 40 6,3 
e 27 6,4 
Vastervik 35 6,6 
Uddeva ll a 51 6,7 
Ama 1 25 6,3 
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Obviously none of sties of raw water 
em 
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humic content. 
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3 FLOCCULATION 
3. 1 
on icles in a liquid is ca by their relative 
motion i by Brownian motion or ocity gradients, the former 
orthokinetic flocculation. Some usually call periki c, 
i es in 1 i bri y summa ri in this 
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3. 1 l ki c floccula on 
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total number of 
( d1 =d 2 in eq 
icles nt Since is only particle size 
) ) ' icle lision is counted twice and· 
4 
-
1T 
Though eq (3-12) and ( 
n · a G~ <P t 
di 
patterns, the 1 
13) are 
usions are same: 
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Fig 3.30. Jar-test apparatus in measurements. 
The beaker was supported at a point in middle of bottom and 
at the top by a low friction pla c ring, penetrated by the paddle 
shaft and connected with he ker walls. Thus, the could 
ly rotate around a vertical axis. At beaker an arm was attached 
where the torque transmitted through water was measured by a spring 
balance. 
A plot of the torque versus rotational is shown in fig. 3.31. 
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Camp expres ct in terms the on the , stators and 
wa 11 s as: 
ct 
co 
i_ ( l 3 A + k3 f c) l v. ~ k) . (B + 0 112) s; 
where A, B and C are dimensionless work parameters for the rotors, 
stator and walls, ively. f is the Weisbac Darcy wall friction 
factor. For narrow paddle bl the parameter A was stated to be 
3 A p · r p . Thus C t on 1 y can cons i s t the f i r s t term w i t h i n the 
parenthesis (with the exponent 2 instead of 3 as mentioned earlier) 
in eq 3-112 according to eqs lll and eq 3-97 
As a matter of fact Ct can, if 
calculated as: 
') 3 k)~ .!:___ 
v 
3-111 and 3-97 are combined, be 
(3-113) 
Then in eq 3-112 the first term expresses the power input and the 
second the power lost within water volyme by dissipation at 
stators and walls. The summation of these two terms cannot be correct. 
As a conclusion the Ct-parameter can be considered unnecessary, not 
adding any further information to the problem of calculating the power 
input. 
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precipitate properties compa to those encountered in coagulation of 
surface waters even if aluminium sul is used in both cases. The 
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Table 4~1 shows the mean settling oci that max lly can be obtained 
under the i ons. total flocculation time is 20 minu-
tes the time 
respectively. 
floccula on tank 2 a 3 becomes 10 15 minutes, 
vmmax is roughly doubled each in the flocculation tank series, 
while the corresponding sta i on increases to a lower extent. 
The power input lev at the maximum point is decreasing as a rule 
(x 0 is increa ) from one occulation tank to another. 
The addition of activated silica made v max increase about 
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while increase in is more 
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(1~{0.15· (x~ max 7) 
can now be calcula as t sl of line from(vF/2 0) to 
the point (vm, ) . 
0 
(0.15( 
Kr (4-8) ( l {0.15·( 
For x x
0 
is 
(4-9) max 12 v -v m F 
For each overflow rate a tangent to a vm-o curve (for example 
in figure 4.5) can be ng minimum residual turbidity 
after sedimentation. The slope this tangent (Kr) can be derived 
to: 
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(4-12) 
optimum power input as a 
calculated: 
As an example the values in table l for tank 4 with acti silica 
dose is chosen: 1.27 m/h vmmax = 1.07 m/h xo = 3.2. 
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For fferent ow rates optimum input is 
1 cu l ted ing to eq (4-13). can means 
10) on result can found in figure 3 25. 
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Table 2. lues of vmmax a x0 . occulation time 
20 min. Temperature 18. 2o.ooc. Paddle type A4 
No activated silica Activated silica 2 mg/l 
Tank 2 Tank 3 Tank 4 Tank 2 Tank 3 Tank 4 
a0 , m/h 0.63 1.3 2.3 2.0 2.8 4.9 
max m/h 0.41 0.84 l. 6 1.1 1.8 3.5 v ' m 
xo 1.8 5.3 7.2 3.9 4.7 6.8 
Compared to the lower temperature the mean settling velocity and standard 
deviation are roughly doubled when no activated silica is used. An 
addition of activated silica increases these values with a factor 3. 
standard deviation can be seen to have increased somewhat more than 
the mean settling velocity. 
Considering the level of the power input needed to achieve the 
maximum point, the same tendencies, but more accentuated as at the 
lower temperature can be observed: A decrease of required power input 
after each flocculation tank. 
Throughout, considerably lower power input levels (higher x0 ) are 
required to obtain maximum settling velcoity. 
In the figures 4.6 and 4.7 the results can be found on which the values 
in table 4-2 are based (see Appendix 5). 
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4.2.3 Paddle design 
The influence on floc ing characteristics of three paddle designs, 
named A4, B and C, presented in tion 3.4.3.2, was tested. These 
three paddle designs differ from each other though their paddle area 
is the same. 
In figures 4.8, 4.9 and 4.10 the paddle shapes can be seen (see also 
fig 3.32). 
Fig 4.8. Paddles type A4. 
Fig 4.9. Paddles 
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or 
l . 19 l. 04 1. 00 
for paddle type C, A4 and B respectively. 
Fig 4. 10. Paddles type C. 
In table 4-3 and 4-4 the results obtained with paddle type B and C 
are summarized (see original data in Appendices 7 and 8). They can 
be compared with the results of paddle type A4, for the same 
flocculation conditions, in table 4-l. 
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Table . Values of vmmax o0 and x0 . Total flocculation time 20 min. 
, m/h 
vmmax m/h 
xo 
ble 4-4. 
-----
, m/h 
max /h vm , m 
xo 
Temperature l.5-l.6°C. Paddles type Band C. No activated 
silica. 
Paddle type c -, e type B 
Tank 2 nk 3 nk 4 Tank 2 Tank 3 Tank 4 
0.37 0.66 1. 03 0.31 0.45 0. 70 
0. 19 0.45 0.74 0. 0. 0. 
~ 1. 0 3.7 4.3 0.5 1 . 5 3. 1 
max Values of vm , o0 and x0 . Total flocculation time 20 min. 
Temperature 1. 0 l. 6 c. Paddle B and C. Activated 
s il i c a 2 mg I l . 
Paddle type c Paddle type B 
Tank 2 nk 3 nk 4 Tank 2 k 3 Tank 4 
0.53 0. l.O 0. 0 64 l . l 
0.36 0.66 1 . 1 0.27 0.55 0. 
~l 8 2.0 l . 9 0.8 l . 5 3.4 
In the figures 4.11 and 4.12 the of the power input on mean sett-
ling velocity and standard on for the fourth flocculation tank 
are shown, for the three , with without activated silica dose. 
b 
z: 
0 
I . S: 
2l.S: 
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iZl.S: 
e 
6~ type A4 
MEAN SETTLING VELOCITY vm' m/h 
i . s: 
Fig 4. 11. The effect of power input on mean settling velocity and 
standard deviation. Comparison between paddle types A4, 
Band C. Activated silica 2 mg/1. Tank 4. Flocculation 
time 20 min. Temperature ca 2oc. 
I . S: 
Fig 4. 12. The same conditions as in figure 4. ll, but without activated 
silica. 
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max ble 4-5. Values of vm , o0 and x0 . Total flocculation time 10, 
20 and 30 minutes. Temperature ca 2°C. Paddle type A4. 
Total flocculation Activated silica 2 mg/l No activated silica 
time l 0 min 20 min 30 min l 0 min 20 min 30 min 
---
--------------------------------------·-
00 0.39 0.64 l. 15 0.36 0.85 
N max 
vm 0.29 0.36 0.80 0.22 0.69 
X l. 6 0 3.0 1.7 3.3 
00 0.81 l. 34 0.51 0.55 l. 41 
(V) max 
vm 0.66 l. 25 0.36 0.46 l . 16 
xo 2. l 3.8 2.5 2.9 4.7 
--------------·---·----
0 1'. 27 2.49 0.57 0.72 l. 30 0 
..-:::t max 
vm l. 07 2.37 0.54 0.70 1.40 
X 3.2 4. l 0 l. 8 2.7 4.4 
-~---~-
---
Based on table 5, now a simple model for the simultaneous effect of 
flocculation time and power input can be outlined. 
The objective was to obtain a mathematical description of how v and o 
m ' 
for each flocculation tank and dose of activated silica, changed with 
flocculation time (T) and power input variant (x). For that purpose 
three additional relationships, besides the equations (4-2)and (4-5) 
already given, was introduced: 
a = m · 0 l (4-14) 
(4-15) 
(4-16) 
The limi amount 
accuracy of these 
data, 
tions. 
not t any evaluation of 
vvere considered er, to give 
a sufficiently appropriate estimate the floc settling properties 
under varying conditions to illustrate 1 effect. 
In table 6 calcul values rameters according to eqs. 
14) to 16) is 
ble 6. lcul values 14) to 
·-----
16). values are ta in table 5. 
le 
2 ppm ac silica 
ion rameter k 2 Tank 3 Tank 4 Tank 2 Tank 3 Tank 4 
ml l. l. 17 0. l. 0. 0.93 rna 
o =m ·v o 1 m 
b1 (m/h) 0.13 0. 0.12 0. 0. 0. 
max m l 
n) v =m?. T m2(h. 0 0. 0 0. 0.080 0. m ,_ 
h X o =m3· m3 (m) 4. 3. 3. 2. 2.77 l . 
-------------··--------·-------------"-------
the equations ( 14) 15) 16) are i (4-2) 
and ( 5) mean oci i ion of the 
ing oci are i floccul on time T 
(minutes) (X): 
0 { (x-m1·m2-m3· ) . 0. l } . ( 17) 
v = ( l 
m 
{0. l . ( ) } 2). T 18) 
The ili 7) a 18) to a imate given 
di id by th 
result i c . In 7 result such a com-
parison for floccul on tank 4 is 
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Tabl~---~- Comparison between values of the model according to 
est est . 
eqs (4.17) ~~~ (4;b~) (vm , o ) and obta1ned 
results (vm , o ). 
Number 
of values Mean value deviation Mean value deviation 
Activated 
silica, 2 ppm 
No activated 
silica 
14 l . 17 
15 1. 14 
---------------·--·----
0.23 l . 16 0.25 
0.18 l. l 0 0.20 
In table 4-7 can be seen that vm and a will be somewhat overestimated. 
The standard deviation of the ratio is decreased to some extent when 
no activated silica is added. 
The figures 4.13 and 4.18 demonstrate in graphical form the information 
given in eqs (4-17) and (4-18) together with table 4-6. The mean sett-
ling velocity and the standard deviation of the settling velocity are 
shown, depending on flocculation time and power input for flocculation 
tanks 2, 3 and 4. The flocculation time given in the figures (unlike in 
table 4-5) is the residence time after each flocculation tank. Thus if 
the floc growth pattern is to be followed e.g. at the total flocculation 
time 20 minutes, the results from tank 2 and 3 should be read as values 
at 10 and 15 minutes, respectively, for the power input level in 
question. 
I. 
Fig 4.13 Mean 
I. 
Fig 4. 14. 
iation 
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same 
oci ty rd 
flocculation 
on tank nr 2. Paddle 
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191 
0 
I. 
121.5: 
2.S: 
Fig 4. 15. The same conditions as in fig 4.13. Flocculation tank nr 4. 
2.S: 
.. 
0 
127. 
121. I . S: 2 2.S: 
I vm m/h 
Fig 4. 16. Flocculation tank nr 2. 2 ppm activated silica. Otherwise, 
the same conditions as in fig 4.13. 
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As an illustrative example of the use of the figures 4.13 to 4.18, 
when the sedimentation load and the required sedimentation result are 
fixed, the possible combination of power input and flocculation time 
can be obtained according to fig 4.19. The curves in fig 4.18 has 
been used for the example. The sedimentation load (vF) is 0.6 m/h 
and the relative turbidity after sedimentation (T~~~) is fixed to 
the value 0.2. As can be seen in the figure the following combinations 
of power input and flocculation time would give the prescribed sedi 
mentation result: 
Flocculation time Power input 
T (min) X 
20 l . 5 
22 2 
25 3 
30 4 
::::.s: 
"' b I . S: 
0.S: 
0.S: I . S: 2.S: 
Fig 4.19. Determination of the combinations of flocculation time (T) 
and power input (x), that will give the relative turbidity 
0.2 after sedimentation at the sedimentation load vF=0.6 m/h. 
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c at an increase of the flow 
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4.2.5 Reactor 
g 4. tank size. 
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With a reactor design according to fig 4.21 the size of consecutive 
tanks are roughlydoubled. The number of flocculation tanks in series 
is four, also for this design. After a common first tank, the flow 
is divided into two parts and then again united in the last floccula-
tion tank. The part of the total flocculation time in each tank 
becomes 6%, 12%, 27% and 54% respectively. The paddle designs and 
results from power input measurements are shown in Section 3.4.3.2 
and fig 3.32 (paddle type Al, A2, A3 and A4). 
The principle of variation of the power input as described in eq (4-l) 
and fig 4.1 was chosen. Only the three highest levels (x=l,2,3) were 
applied. In fig 4.22 can be seen how the power input for each floccu-
lations tank was determined. 
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Fig 4.22. Variation of power input. 
With the reactor design under consideration the power input varied from 
maximally 70 watt;m3 (corresponding G(2°C)=200 s 1) in the first floccu 
lation tank down to the minimal value 0.08 watt;m3 in the last. In the 
3 last flocculation tank the variation is from 0.08 to 0.16 watt/m 
(corresponding G(2°C) 7 to 10 s- 1). 
By this procedure comparable to that 
obtained at a 
mean 
i ng 
input ll 
input sc fl occu 1 on 
volume is 
input in 
input 1 
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8 and 9 the vm and a-values obtai (see Appendix 3) are 
compared to the corresponding values according to ion 4.2.4 
(calculated from eq (4-17) and ( 18) with values from table 4-6). 
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Table 4-8. Comparison between floc settling characteristics 
achieved at successively increasing tank size ign 
(v~ 1 , a01 ) and the corresponding values for conventional 
compartmentalization (v t, at) according to Section 4.2.4. 
m 
Flocculation tank nr 4, no activated silica. 
Power input Flocculation 
time (min) 
X = 1 
X = 2 
X = 3 
X = 1 
X = 2 
X = 3 
X 1 
X = 2 
X 3 
10 
10 
10 
20 
20 
20 
30 
30 
30 
0 435 
0 438 
0. 
0.803 
0.860 
0.878 
1. 01 
1 . 17 
1. 27 
0.440 
0 514 
0.587 
0.611 
0.740 
0.869 
0.639 
0.824 
1. 01 
0.69 
0.79 
0 83 
0.58 
0.82 
1 . l 
0.66 
0.54 
0.79 
ol 
a 
0.62 
0.68 
0. 79 
0.37 
0.56 
0.78 
0.44 
0.35 
0.56 
Tab!_~_4-9. 2 ppm activated silica. Otherwise, the same condit-ions as 
in table 4.8. 
Power input Flocculation 
time (min) 
X = l 
X 2 
X 3 
X 1 
X 2 
X 3 
X l 
X 2 
X 3 
10 
10 
10 
20 
20 
20 
30 
30 
30 
0.670 
0.678 
0. 656' 
1. 23 
1. 33 
1.36 
1. 55 
l. 80 
1. 96 
0 802 1.3 
0.938 1.7 
1 . 08 1 . 3 
l . 07 1 . 1 
1 30 1.6 
1 . 54 2. 2 
1.11 1.2 
1 . 44 1 . 2 
1.76 1.7 
0.95 
1. 4 
l. 4 
0.86 
1 . 1 
1. 7 
0.8 
0.8 
1.2 
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4.3 Full scale ments 
The pilot plant experiments were carried out in a pilot plant situa-
ted in the water treatment plant Lackareback, Goteborg. The water 
used for flocculation tests was the raw water of the water treatment 
plant, from the Lake Delsjon (originally the River Gota ~lv). Con-
sistently only one dose of coagulant, 40 ppm aluminium sulphate, was 
used. The object of the full scale experiments was to investigate 
if the pilot plant results could lly applied to water 
treatment practice. Factors as e.g. varying raw water quality, 
coagulant dose and different operating conditions are of importance 
for the flocculation efficiency. In order to get at least a qualita-
tive picture of how such variations influence flocculation efficiency, 
20 Swedish water treatment plants were visited and settling tests in 
the flocculation tanks were carried out. In Section 4.3.2 results 
from these tests are reported together with some operation conditions 
on the treatment plant that affect the flocculation and floc settling 
properties. 
This section can be seen as a survey of the floc qualities that can 
be encountered in practice. Here no attempts are made to draw more 
general inferences from these results. 
In the water treatment plant at Amal some experiments were performed. 
These are reported in Section 4.3.2. 
It is inevitable when full scale experiments are carried out, that 
all factors affecting the experimental result cannot be controlled. 
That may cause the result to be ambiguous and difficult to interpret. 
For practical reasons the experiments reported in Section 4.3.1 was 
only carried out once, with the possibility that uncontrolled factors 
introduced accidental errors in the measurements. Results which 
obviously cannot be correct, however, are not reported, whether the 
cause is known or not. 
The plant was c 
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indicated together with the settling test results. Generally the 
variation within the flocculation volume at the time when samples 
were taken was not greater than 0 1 pH-unit. When sets of settling 
analyses are compared to each other (as in the figures 4-24 to 4-26), 
the total variation can be larger: up to about 0.25 pH-units. 
In figure 4-23 the power input variations for the different experiments 
are shown. For comparison, the variation patterns according to Section 
4.2.1, used on pilot plant scale have been entered into the figure. The 
experiments I-III was carried out with the intention that they should 
as far as possible correspond to the three patterns on pilot plant scale 
with the highest power input levels (numbered l, 2 and 3). The power in 
put variations I and II was repeated with an activated silica dose of 
3 ppm, then labeled with the Roman numerals VII and VIII. 
In the experiments numbered IV, V and VI the power input in the first 
two flocculation tanks was varied and was kept constant at the lowest 
possible value in the following tanks. 
250 ~--------------------------------------------~102 
~ 
I 
~ 
u 80 10 
0 
~ 
M 
~ E 
~ 
~ ~ 
~ 
~ ~ 
z ~ 
w 25 ~ ~ 
< ~ 
~ ~ 
~ ~ 
r 
~ ~ 
~ w 3 
0 l0-1 0 ~ 8 ~ w 
> 
z 
< 
w 
~ 
2.5 
t/T 
Fig 4-23. Power input variations for the full scale experiments compared 
to those applied in pilot plant experiments. 
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It is obvious that the full scale results are considerably inferior 
to those reported in Section 4.2.1 (see table 4~8). The vm and o 
values in figure 4~24 are consistenly about half of the values 
obtained on pilot plant scale. In addition the pilot plant data is 
obtained at 30 minutes flocculation time and a somewhat lower water 
temperature (2°C). 
It is evident from the data in figure 24 that the power 
input in these experiments was too high. The settling properties of 
the floes are consistently improved as the power input level is 
decreased. This is further confirmed by the results presented in 
figure 4-25. The curve numbered IV represents settling properties 
when all stirrers are operating at the lowest possible stirring speed. 
In the experiments V and VI the stirrers in the first two floccula-
tion tanks where operated at higher speeds. This resulted in a 
deterioratec floc quality. The difference in settling properties 
seems to increase in the end of the flocculation process, which is 
unexpected since the power input is varied only in the first two 
tanks. Besides experimental errors these results could indicate some 
irreversible negative effects caused by the high power input in the 
beginning of the process. 
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Fig 4-25. Results from settling tests in different flocculation tanks 
Amal water treatment plant. Experiments IV, V and VI. 35 ppm 
aluminium sulphate. pH 6 l-6.2. No activated silica. 
Temperature 4.5oc. 
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4.3.2 Survey on power input and flocculation 
water treatment plants. 
iciency at Swedish 
Measurements of floc ing properties at 19 Swedish water works were 
carried out from March to June 1979. The sum of the yearly water produc 
tion of the investiga water treatment plants is 105·106 m3;year, 
ranging from 0.7 to 35·106 m3/year of each plant. The scope of these 
investigation was to gain ience how the flocculation efficiency 
varied for different operating conditions and for different raw waters. 
In table 10 the resul of studies are summarized. The data 
should be considered as a survey of floc quality and operating condi-
tions encountered in Swedish water works rather than experimental results. 
There are too many variables both measured and not measured, varying 
at the same time to allow any 
results. 
interpretations evaluation of the 
In table 4-10 measured floc settling properties are compiled. The 
measurements were carried out in the final flocculation tank. To simplify 
comparisons of the sedimentation properties the relative floc residual 
after sedimentation are calculated for two overflow rates~ 0.5 and 
1.0 m/h respectively. The calculations are made according to the simpli-
fied method described in tion 3.3.6 (see equation 3-86). 
Together with the flocculation result some important factors affecting 
the flocculation process are tabulated. 
G-values are calculated according to eqs. (3-97) and (3-91). Hereby, 
the water co-rotation usually is assumed to be 40% of the paddle speed. 
If there are stators in the flocculation tank this figure is schematicly 
reduced to 30%. c0-values are set to 1.2 for cylindrical and 2.0 for 
flat paddle shapes. The G-values of Amal water treatment plant, as an 
exception, are result from measurements of the power input. If these 
values are calculated with the schematic method described here the real 
values are in this case underestimated by about 10%. For more detailed 
information concerning the design of each flocculation unit it is 
refered to Hernebring (1980). 
Table 4-10. Floc settling properties 19 Swedi plants. 
'Ca G-values 1 L sett- Theoretical Aluminium sulphate pH-value 1- T1 
Flocculation tank No 1 sedimentation dose, mg/1 
I I 
per result floc Applied Required Applied Reouired :a 1 2 3 V, Ires ) ovet'f1 ow 
m/i lm! p m/h 1 .o m/r 
---
--; 
Bod\ s 23 14 10 2.8 3.1 13 22 36 40 6.4 6.4 11 
20 13 7.5 4.5 2. 3 .0 0.65 13 22 
18 15 3.4 4.1 .0 0.65 22 
17 11 9.0 3.0 !1. l 0. 70 11 19 77 
---~ 
Granges- 6.8 3.6 2.5 1. 1 ~~ ;~ 29 20 19 6. 2 16 ·g !6 3.6 2.5 1.5 1.3 1.1 I 44 
Gi:ite~org 
i 15 12 7 2 2.7 l.O 11.7 l. 17 38 28 6. 2 I 6.5 2 70 14 ) 
He1 sing- i 
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! 
borg (Ring-j15 15 7. 9 i i4. 5 2.7 6 7 70 87 7.0 6. 5 71 12 
sji:in) I I 
Harni:isand 125 11 ! 5.3 6. 7 5. 6 2.7 ! • 3 1. 27 27 29 5. 6.5 3 16 
J25 11 i 5. 3 6.7 5.6 . 7 i .80 0.90 27 37 ~-41 . 
Kar1shamn ! 4.1 2. 2 l 0. 90 !1 .3 0. 90 12 19 40 30 6.5 6.3 79 [2 1 
j4.l 2. 21 0. 90 11.2:1.1 I 19 26 79 [4. 1 2.2 0.90 jl.O '0. 90 20 29 79 
Kramfors ! l. 9 1.8 1.4 4.0 i .6 1.6 I 20 25 31 37 5. 7 5.9 6 1 I l,...,o 5.7 4.4 4.4 2.4 2.1 15 18 82 
Lidki:iping 28 18 12 4.8 4.8 ~ 1.2 7 11 27 6.3 6.3 8 84 4.2 I I 28 18 12 4.8 4.8 1.4 11 14 82 ! 
Lilla Edet 5.0 3.2 2.5 2.1 1.5 1.4 I I. 5 l 6 ~~ 27 45 45 5. 5 6.5 6 157 I l. 3 5.0 I~· 2 2.5 2. l 1.5 1.4 :1.5 1.6 27 57 I 
Mari estad 13 I 9. 9 5.8 2.7 1.3 1 1 23 28 29 24 6. 9 6.2 - 81 5.0 I 
10 4.5 2.7 1.3 1.4 1.4 21 26 
59 14 7. 7 2.7 1.4 1.0 0.8 17 26 79 
Mjol by 24 3.6 1.6 1 1 11 16 58 62 6.1 6. 2 - 26 .11 .8 
8.6 3.1 2.7 2.7 1 32 21 5.6 6. 5 tllO 1.1 
8.8 8.8 4.0 4.0 4.0 2.2 ll l 1.1 22 29 82 
Mons teras 15 9.9 4.1 2.2 1.3 0. 7 7 l3 108 145 5.8 6.5 - ~157 5 6 
-1--- --- ----- ;~-
Norrkoping 10 4.6 4.6 5.3 5. 3 1.2 10 5 5 56 53 6. 5 6.3 1 
3. 10 ll 71 
! 7 3 
5.8 5. 3 5. 3 1 3.1 1. J t4 4. 7 9 2.7 12 14 
Nassjo 35 30 20 8.3 3.1 1.8 2.0 1 ll 14 38 40 2.0 
35 30 20 8.3 1 1.8 2 n l .4 1l 14 45 
I 27 
~-------
Saff1 e 7. l 4.5 .2 0.52 1.1 -1 37 27 52 
7. l 4.6 7.0 0.65 1.4 1.5 22 27 61 
Vastervik 33 17 13 4.8 2.0 1. 7 11 27 35 6.3 i 6.6 5 52 4.7 l ... o 17 13 4.8 2.5 1.4 5 8 52 
Uddevalla 2.6 1.9 1.7 ""() 0. 6~ I 2.6 2.9 21 23 40 51 6.0 i 6.7 86 1.8 2.6 1.9 1.7 .-JQ 0. 6~ 13 3 2.9 14 17 I i 86 
-
Amiil 44 36 24 10 10 3 1 1 2.1 1.8 15 19 42 '-~~-- ----~:8 I 6.3 6 58 1.6 --1------
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The appli aluminium sul te e is s with required 
dosage, obtai from r test results (see 
Measured pH-values in the floccula on tan are compared with the 
optimum pH-value at the requi aluminium sulphate dose (table 2-4). 
Also tabulated are activa silica dose mean detention time as 
determined by tracer ments in occulation unit, and the 
water temperature. 
All these factors 
floes, which makes 
an i on the settling properties of the 
usions difficult to draw. 
As a criterion on a good floc ing quality the theoretical floc 
residual at a certain the mentation overflow rate, e.g. 0.5 m/h 
can be chosen. A reasonable limit is that at least 85% of the floes 
then should be removed. I ng this value in eq 3-77 and with 
Kr 0.965 1.0 (table ves: 
o < 1.0 · (vm 0.25) (4-19) 
This is not fulfill at appr half of the treatment plants. This is 
believed to be caused by a pH-value too far from the optimum at least 
in four cases. A deviation on the acid side is more detrimental than 
too high pH-values. The applied lues are generally low. It is 
probable that higher values in beginning of the flocculation 
process in many cases could have improved the floc settling properties. 
On the other hand the tion time in the flocculation unit in most 
cases are rather long, which may reduce the importance of a careful 
choice of power input pattern. ides the questionable low G-values 
on plants as Grangesberg, Kramfors, Saffle and Uddevalla the poor 
settling properties the ocs may be attributed to a too low 
coagulant dose. Additional information concerning general aspects of 
water treatment plant operation is given in Chapter 6. 
The extremely good floc settling at the Norrk~ping treatment plant can 
not be explained by any of background val~iables shown in the table. 
Neither did the jar test show a strikingly good settling properties 
on laboratory scale (see figure 2 31). 
The only evi aspect in ich operating conditions differed from 
other places was 
bottom of the first 
lation tank was u 
tion of ssium 
for the coagulant, 
Whether mixi 
floc es 
t lant was mixed into water in the 
occulation tank. The 
oxi tion of rna 
ume of the first floccu 
nese means of addi 
nate. This would imply mixing conditions 
thus a oc of poor quality should be excepted. 
it ions really are res sible for t mea 
ld inves It is also si e t 
precipitates from oxi tion could floc quality. 
However, the dose ssium permanganate was rather low (0 5 mgKMno4;1 ). 
The absolute values of v a a in this case are uncertain. general 
m 
sampling procedure was to give maximum accuracy for floc 
suspensions with mean settli veloci about l 2 m/h. sett-
ling test were ca out occulation terns· in 
two of them twice. Though di ute values occur 
the extremely good settling is consistent in s te of fact that no 
act iva silica is 
5 INTERPRETATI 
FOUNDED ON 
5.1 Introduction 
THROUGH MATHEMATICAL r10DELS 
In Chapter 4 flocculation res ts have -in a descriptive 
are made to incorporate the manner. In the following c 
findings into ma tical to prevalent 
flocculation models, 
tested. Then more compli 
1 turbidity concept, is 
mod s which ta rticle size 
distribution into account are u as a means to get closer to an 
explanation of di oc settling c rae sties. 
The notation used in flocculation theories reviewed in Section 3.1 
are here changed successi y. This is done deli y, not to con-
fuse the reader, but in order to stress the point that the practical 
application of the theories demands a number simplified assumptions 
to be made. Consequently theories themselves are not really 
tested, rather their "translation" in terms of measurable variables. 
5.2 Flocculation nee model 
The flocculation 
primary particles from 
floes. In ice the 
is concerned with the removal of 
sus ion by their incorporation into 
imary rticle content the fluid is 
measured by the residual turbidity a long sedimentation period. 
Theories for the rate of change in number of primary particles is 
reviewed in Section 3. 1.6. model as it is presented in, for 
example, eq. 51 can ex 
N. F m T C2 l + G 1 -N. ( 5- l ) 
1 l + F G T Cl 
where N. is the concentration of primary particles (measured 1 
as residual tu idi ) enteri the reactor 
Ni is the residual turbidity leaving reactor 
F is the floc volume fraction here measured as the floc 
turbidity 
G (s 1) is the mean velocity gradient 
T (S) is the resi e time in 
m is a floc breakup exponent 
Cl and C2 are constants 
reactor 
2 0 
implies t 
as 
ow conditions in occulation tank can 
are as 
resi in 
constants Cl 
0 nally uni 
rti 1 es oc 
occul 
resi di floc 
model on 
not. 
in 
model. were carri out 
turbidity is consi 
F could also 
not 
ta in 
occulation 
occulation 
occulation tan 2 
na lly 
i l i 
ture given table 
In on 4. 2. 3 i wa 
d 
resul 
te 
values constants 
t 
i 
y xed reactor. conditions 
mean time T to 
on k 1. e. tank volume divided 
tors 
ma 
to measures ative 
idi ) . ly validi of 
conversions are consi cor-rect or 
on 4. 1 ll u to test 
th con oc 
constant F 4.0 FTU. ly 
c a is is 
F 
to ne 
total 
concecutive 
six pov1er input 
i silica. 
i a hig 
le igns 
t l i 
wou resu in di calcul 
m) 
Once ing c s cs in terms vm dnd o are known, the 
ical residual turbidi infinitie imentation can be 
calculated (see 
N· 1 cp ( 
ion 3. 3. 4. eq. 69): 
(S-2) 
where¢ is the cumulative settling velocity distribution function, 
normally distributed with the mean value v and the standard 
m 
deviation o The letter "i 11 denotes the number of the reactor. 
The results obtained at 20 min flocculation time comprise six 
different power input levels. Experiments at ·10 and 30 minutes 
were only carried out at three different power input levels. 
The theoretical residual turbidity corresponding to each (vm, o)-value 
was calculated according to eq. 2. The values are th~~.!:.'e!_~C.-~l in the 
sense that they are achi by extrapolation to zero settlin0 velocity 
from observed values by means of the normal distribution. Values missing 
in table 4-5 at 10 minutes total occulation time were replaced by 
results from rate iments. 11 additional results were achieved 
in this way. The total number of residual turbidities u was 143 when 
the low temperature was consi . In addition experiments at 20°C 
provided another 36 values. 
An important observation of great significance was made after calcula 
tions of the theoretical residual turbidities. In spite of the fact 
that usually substantial improvements in settling properties occured 
when activated silica was added the residual turbidi 
--··· -·-·---·--"···--··-·--
essentially the same whether activated silica 
- -----·-·----- .. - --------· ---------- .. ----------- .. ------ ----·-----· ----- ----- ------------- .. ·--------·-----
identical input conditions). Figure 5-l illustrates this fact. 
-----···- --~-M-- "'-·--·- -- ~---· ----------c -· <---·--
h int 
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ir iments wi the same power input 
resi turbidity th activated 
a corresponding result thout 
values obtai at 2°C as well as results 
for paddle type C in tank 2 
residual turbidities for various con-
le l . 
t 
t 
t t 
tt 
t 
t t 
IDUAL TURBID 
a chi 
silica. 
t 
t 
t 
t t 
(No activa silica) 
residual turbidities with and 
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The number of values in fig 1 are 81 and the correlation 
coefficient 0.97. It can be concluded that activated silica is not 
effective as a flocculation aid if the flocculation iciency is 
measured as the residual turbidity. At the same time a limitation of 
the residual turbidity parameter is illu . In spite of the fact 
that different floc su sions shown to qive the same resi 
dual turbidity, we know they a variety of settling 
characteristics. Consequently the residual turbidity does not provide 
enough information to evaluate the result of a sedimentation process. 
As far as the mathematical model in eq. 1 is concerned, these facts 
are advantageous: the number of duplicate experiments thus are 
increased and fewer independent variables have to be taken into 
consideration. 
A computer program was designed to determine appropriate values of the 
constants Cl and C2 and the floc breakup exponent m. Results from 
experiments carried out at one total flocculation time were treated at 
each run. An iterative procedure was performed in the following way: 
A typical set of data consisted of the residual turbidities after floccula 
tion tanks no. 2 3 and 4 at a maximum of six power input levels with 
varying G-value. The value the first tank was not known. Because 
~q. 5-l demands both the input and output residual turbidity to 
calculate one of the constants (the other being fixed), the output 
residual turbidity from tank no. l had to be given an initial value. 
The input to the first flocculation tank was set to the relative 
residual turbidity 1.0. 
If the floc breakup is omitted (i.e. C2=0) the constant Cl can be calcu-
lated for each flocculation tank. The median of the Cl values thus obtained 
was chosen as a start value to be fixed in the calculation of C2 for 
each tank. The median of the latter was then used to correct the 
initial Cl and assumed residual turbidity from the first tank. The 
procedure was continued until the corrections were lower than a pre-
scribed value. The interation then was repeated for varying values of 
the breakup exponent. 
214 
ian lues were iterations ins mean values to 
min ze some calcul constants, 
s i ncrea rd 
If were nee ional 
ical values of the constants. As could be 
this was not ta cons ta n t s a c hi 
were sible t to the data th a 
oc constants did 
tow a s e was very slow 
it was as a si 
oc kup m u fJitJa rd s 
th increment 0. It s t was 
a chi m-
Thi is in ing 
( 1 5) revi m-value 
on 
resi turbidi ll 
tion un 0.3 m/h). 
on y at ion 
were consi ing to 
vari t 45 
nutes. 
to on t 
in di 
In ion 3. l. 4 n ( l 
an ion is. 
Pa ( l values 2 4 ng on the floc 
size to crosca e. 
l resul ( 1 5) s good 
with p ex m = 2. 
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The present data achieved at 2°C was found to conform reasonably, 
though not perfectly, with model if Cl and C2 were given the values 
5.5·10- 5 and 2.2·10- 6 respectively. In figure 2 a visual impression 
is given of the ability of the model to approximate the measured 
residual turbidities. The measured and calculated values are indicated 
as ordinate and abscissa, respecti y. The number of values is 143, 
and the correlation coefficient 0.87. In table 1 can be seen 
the model fails to give y good approximations. On II'Jho 1 e 
in the second and third flocculation tanks at low power inputs (i.e. 
rather high residual turbidity is to be expected) a too high value is 
calculated. In table 2 the applied G-values in each flocculation tank 
for the various tapered flocculation patterns are given. 
1--i 
(./) 
w 
er::: 
0.8-
0.2 
t 
t t + 
t 
l ___ l I I . _.t ______ L ____ r_ __ .. _J 
0.2 0.4 0 6 0.8 1.0 
CALCULATED RESIDUAL TURBIDITY 
Fig 5-2. Achieved residual turbidities compared to calculated values 
according to eq. 5-l with m = 1.35, Cl = 5.5·lo-5 and 
C2 = 2.2·lo-6. See data in table 1. Temp 2°C. 
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ble 1 . Achi residual tu idities for different conditions at 
----
2°C, from in the tables 4-l 3, 4-4 and 5. Values 
indica are from solitary ments. values 
are calcul results 
m = l . Cl = 5.5. l 5 C2 = 2.2. l 6. T is 
total occul tion time (after occulation tan ) . 
irrer 
--------~-------· -------------·----------· -----------
nk act ilica 2 act. silica Calculated 
no. input A4 B c B c result 
··----
T = 20 minutes 
2 0.25 0.22 0.31 0.27 0. 0.22 0 189 
2 2 0.28 0 0. 0.30 0. 0. 0. l 
2 3 0. 0. 0. 0. 0. 0. 0. 
2 4 0.35 0. 0. 0. 0. 0. 0.306 
2 5 0. 0. 0. 0. 0. 0 0.422 
2 6 0.41 0. 0 0. 0. 0.40 0. 
3 0.15 0 16 0.17 0.17 0.18 0.15 0.146 
3 ? 0 18 0.20 0.19 0.20 0.22 0.18 0. 151 1-
3 3 0.21 0. 0. 0.24 0. 0. 0.177 
3 4 0 0. 0. 0 0. 30 0.26 0. 
3 5 0.29 0. 0. 0. 0. 0.31 0.330 
3 6 0. 0. 0. 0. 0. 0 0.450 
4 0. 11 0. 11 0. 14 0.13 0.12 0.12 0.1 
4 2 0. 14 0.14 0.17 0.16 0.14 0.16 0.132 
4 3 0.18 0 17 0.19 0.19 0. 18 0.20 0. l 
4 4 0 0.2 0. 0. 0. 0. 0. 1 
4 5 0. 0. 0. 0. 0.25 0. 0.278 
4 6 0.31 0. 0 31 0.31 0.30 0.35 0.380 
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Stirrer type 
----·---·-.. 
Tank Power No act. silica 2 mg/1 act. silica Calculated 
no. input A4 B c A4 B c result 
T 10 minutes 
2 0.237 
2 2 0.28~ 0.277 
2 3 0.39~ 0.34~ 0.358 
3 0.20 0.23~ 0.193 
3 2 0.23 0.29~ 0.226 
3 3 0.26 0.28~ 0.295 
4 0.15 0. 19~ 0.178 
4 2 0.18 0.26~ 0.205 
4 3 0.22 0.25~ 0.267 
T = 30 minutes 
2 0.14 0.19 0.175 
2 2 0.17 0.21 0.169 
2 3 0.20 0.25 0.183 
3 0.10 0.10 0.132 
3 2 0.13 0.13 0.129 
3 3 0.15 0.16 0.137 
4 0.05 0.08 0. 112 
4 2 0.07 0. 10 0. 110 
4 3 0.10 0.13 0.116 
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e 5-2. Appli lues (s-1) calculated 2°C in each floccula-
tion tank at various at ion "I 11 see 
eqs 
lue (s-1) in 
flocculation no. 
2 3 4 
135 15 
2 74 12 
3 40 19 9.1 
4 12 7 0 
5 12 8.0 5.4 
6 6.5 5.2 4.2 
Determination of the constants 
appli on ta in e 2, 
gave -5 Cl = 7.0·10 and -6 =28·10. 
mea residual turbidi es are i 
from 20 minutes 
and ation 
which gure is 
at 20°C are given. 
flocculation 
icient is 0. 
are s 
values di 
by a 1. i ng to 
that the ratios 
at tempera 
cance of 1 
are cl 
tion i 
5.2 
4.7 
4.4 
4.0 
3.7 
3.4 
out in same as 
( at 20°C) 
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lues valid 
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CALCULATED RESIDUAL TURBIDITY 
t 
t 
J 
0.5 
3. Achieved residual turbidities compared to calculated values 
according to eq. 5-l with m = l .35, Cl = 7.0·6o-5 and 
C2 = 2.8·lo-6. See data in table 5-3. Temp 20 C. 
3. Achi resi 
----
200C, from 
t cul 
C1 7.0·1 
t 
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1 tu ities for di 
1 e 2. 
conditions at 
values are compared to 
ing to 5-l with m = 1.35, 
2.8 lo-6. T is the total flocculation 
floccul on tan ). l e type A4 
act. silica 2 mg/1 act silica Calcul 
result no. input 
T 20 minutes 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 
3 
3 
4 
4 
4 
4 
4 
4 
2 
3 
4 
5 
6 
2 
3 
4 
5 
6 
2 
3 
4 
5 
6 
0. 
0. 
0.30 
0. 
0. 
0.41 
0 14 
0. 17 
0.19 
0. 
0. 
0. 
0. 
0. 11 
0. 13 
0.16 
0 18 
0.21 
----------------------------
0. 
0. 
0. 
0.30 
0. 
0. 
0.16 
0.18 
0. 
0. 
0. 
0. 
0. 
0. 11 
0.13 
0.15 
0.18 
0.21 
0.187 
0.177 
0.186 
0.206 
0.308 
0.406 
0. 141 
0.136 
0. 141 
0.166 
0.226 
0.316 
0 119 
0. 115 
0. 119 
0.137 
0.180 
0.250 
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Table 5-4. Applied G-values (s-1) calculated for 20°C in each floccula-
tion tank at various tapered flocculation patterns 11 I", see 
eqs 4-1 and 3-32. 
Power 
Input 
( I ) 
G-value (s-1) in 
flocculation tank no. 
2 3 
--------------·--
173 58 20 
2 94 38 15 
3 52 25 12 
4 28 16 9.0 
5 15 10 7.0 
6 8.4 6.7 5.4 
4 
6.6 
6. 1 
5.6 
5. 1 
4.7 
4.3 
The experiments with unequal compartmentalization carried out at 2°C, 
referred to in Section 4.2.5, provide data for an additional test of 
the model according to eq. 5-l. Settling tests in this case were only 
carried out in the fourth flocculation tank. The experiments were per-
formed at three different flocculation times (10, 20 and 30 minutes) 
with and without the addition of activated silica. As three tapered 
power input patterns were used, 18 residual turbidity values can ~e 
compared. In figure 5-4 predicted and measured values are indicated. 
The correlation coefficient is high (0.89) but the slope of the 
regression line is appreciably less than 1, indicating that the tenden-
cies of the data are predicted fairly correctly, but the absolute values 
do not conform appropriately. In table 5-5 can be seen, in more detail, 
that too high residual turbidities are calculated compared to measured 
results. Table 6 shows the applied G-values, calculated according to 
eq. 4-1 (and eq. 3-32). In the present case the mean residence time in 
each succeeding flocculation tank was 6%, 12%, 27% and 55%, respectively. 
a 0.18 
1--l 
t 
1--l 0 12 t (./') 
w t 
e::: 
t t 
t t 
0.06 
CALCULATED RESIDUAL TURBIDITY 
g. 5-4. Achieved residual turbidities compared to calcul values 
according to eq. 5-l with m = 1.35, Cl = 5.5010- and C2 = 2.2·10-6. See data in e . Temp 2 C. Unequal 
compartmentali ion. ion 4.2.5. 
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Table 5-5. Achieved residual turbidities for unequal compartmentalization 
at 2°C, from data in the tables 4-8 and 4-9. The values are 
compared to the calculated results according eq. 5-l with 
m = 1.35, Cl = 5.5·10- 5 and C2= 2.2·10- 6. Tis the total 
flocculation time (after four flocculation tanks). Paddle 
types Al, A2, A3 and A4. 
Tank Power 
no. input 
No act. s i 1 i ca 2 mg/1 act. silica Calcul 
result 
---------------------
T 10 minutes 
4 
4 2 
4 3 
T = 20 minutes 
4 
4 2 
4 3 
T 30 minutes 
4 
4 2 
4 3 
0.13 
0.12 
0.15 
0.06 
0.07 
0.08 
0.07 
0.06 
0.08 
0.09 0.164 
0. 11 0.188 
0.18 0.252 
0.09 0.129 
0.07 0.127 
0.10 0.174 
0.07 0.117 
0.07 0. lll 
0.08 0.113 
Table 6. Applied G-values (s-l) calculated for 2°C in each floccula-
Power 
Input 
( I ) 
l 
2 
3 
tion tank at various tapered flocculation patterns "I", see 
eqs 4-l and 3-32. Unequal compartmentalization. 
203 
104 
53 
G-value (s-1) in 
flocculation tank no. 
2 3 4 
137 
74 
41 
58 
36 
23 
9.8 
8. l 
6.7 
reason why the rna cal model not reasonably well conform 
to results with unequal compartmentalization design 
is difficult to determine. 
the 
course 
or in 
anations. 
cient mental are, 
iterative to compute values of constants may have 
fail in determining fit calculations were based on the 
input and output of each tank, which may that small 
ute experimental errors was given ve importance. 
It could argued that the flow conditions in flocculation tanks 
were not in accordance with a completely-mi ow-reactor, which 
eq. 1 with the onal ign tracer 
experiments showed close agreement to such conditions. The cubic form 
tanks is favourable in t 
first three compartments in 
have the height-to-width ratios 
1 
3,3 
i on the other hand 
2 y, which may 
have cau some plug flow ies This can account 
in the calculation of expected residual turbidities by considering each 
these as a number imaginary tanks in a es. As no tracer 
iment was carri at the tan this ign there was 
no is to judge a e number , if tank l, 2 and 3 in 
the calcul on was divided into cul residual 
turbidity in the output from the rth tank did not change much 
compared to the values in e 5. Some improvement could be seen for 
the highest power input at 10 minutes flocculation time, which gradually 
di as the floccul on was i 
y cannot increase a li of model to accurately 
ct the rimental result to any ter 
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5.3 Particle size distribution model 
In Section 5.2 it was shown that the flocculation performance model did 
yield enough information to estimate the result 
tion process. 
a sedimenta 
In this section, a theory based on the flocculation rate theories 
earlier reviewed, which take the particle size distribution into account, 
will be developed and tested on available experimental data. 
Assuming that the floes are built up by primary particles with the 
radius r 1, it was shown in Section 3.1.2 that the rate of change of 
the number nk of k-particles, consisting of k primary particles, could 
be written(see eq. 3-18): 
co 
L 
i = l 
3 
r 1 . G • 
n .. 
l 
l =k-1 (-i L 
i = 1 
j=k-i 
n. 
l 
( .l/3 + .l/3)3 n. . 1 J 
J 
(5-3) 
where n., n. and nk are the number concentrations of particles within 
1 J 
the fractions consisting of i, j or k primary particles, respectively. 
This equation neglects floc breakup and presupposes coalescence of 
the growing floes (see eq. 3-15). 
In order to convert the number of particles into a turbidity measure 
the following considerations are made. 
The total floc volume, regarded as constant throughout the floccula-
tion process, can be written as: 
en 
i = l 
3 
r. 
l 
co 
L: n. 
l 
i = l 
4 3 
• Tr • i · r j l 
co 
L: n .. i 
l 
i 1 
4) 
2 
The rel ve floc volume in each size on k then becomes: 
If tu di mea ich informa on is available 
concerning but ion to turbi particle size 
k, a t on (fk) is as 
s this ratio. 
cpk 3 4 k rl 1 IT nk 
fk = 6) 
Eq. ( implies: 
7) 
and 5-3 can tten, nov.J in ative turbidi es 
for each size fraction (fk) numerical concentrations (nk). 
Eq. 7) i in ( 3) yields: 
= 
cD • G l 
IT • k. {-z. I 
i l 
j k-i 
( .l/3 + .l/3)3 • 1 J (5-8) 
implici thi on ll tten in form: 
= 
cp . G 
IT 
k · (Sl(k) ( k) ) 
where Sl(k) denotes the forma on of k-
S2(k) disa ranee of cles 
k. 
pa cle 
mass from one on to 
ca out over all ons must equal 
9) 
cles from sizes less than k, 
to the formation sizes 
t comprises 
., a s on 9 
zero 
()() 
L: k · (Sl(k)- S2(k)) 
k=l 
0 1 0) 
Besides, it is evident from the definition of fk in eq. 5-6 that: 
()() 
11 ) 
In a completely mixed reactor with the mean residence time T, the 
change of fk from the inlet, fk(in), to the outlet, fk(out), due to 
particle aggregation can be expressed as: 
f k (out ) = f k ( i n ) + _¢ __ ~_· _T_ 
· k · ( S l ( k) - S2 ( k) ) (5-12) 
The sizes of the fractions considered in the summation terms Sl and S2 
are representative for the conditions prevailing within the reactor 
and are consequently the same as those present in the outlet, fk(out), 
according to the function of a completely mixed reactor. 
It should be remembered that all data are based on turbidity measure-
ments obtained at settling tests, and when e.g. ''particle size" and 
"size distributions" are mentioned in the following, is meant indirect 
inferences made from measured settling velocity distributions. Because 
of the way the measurements are carried out, the settling velocity 
distributions are distributions according to particle mass. The para-
meter of the floc volume fraction used, the turbidity, is also indirect. 
Strictly, it is an approximative measure of total particle mass and 
if e.g. floc density varies with floc size, a constant relationship 
between floc volume fraction and floc turbidity becomes questionable. 
The introduction of the floc breakup into the equations governing the 
particle size distribution has to be accompanied by a number of 
assumptions concerning the breakup mechanisms. The present writer will 
adopt the general view of Spielman (1978), referred to in Section 3.1 .6, 
that a continuous breakup function is more probable than the mechanism 
of unlimited particle growth until a maximum floc size is reached 
followed by a sudden disruption. 
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The assumed breakup patterns can be summarized as follows: 
df 
(dt k) = - K2 · Gm · (S3(k) - S4(k)) breakup 14) 
where S3(k) denotes the disappearance of disrupted floes of size k to 
floc sizes less than k. S4(k) the increase in k-particles 
due to the breakup of floes greater than the size k. 
The value of S3(k) can, according to eq. 5-13 and 5-7, be calculated 
as: 
' k > 1 15) 
S3(1) = 0 (5-16) 
Depending on the breakup mode, S4(k) can be expressed as 
Equal number 
S4(k) 
co 
= k · L: ( ( ~) n . f .. ~-
i=k+l l L: j 
j = 1 
(5-17) 
2 Equal volume 
S4(k) 
co f. 
= L: ((~r)n· , ) 
i=k+l TT=TT 18) 
3 Primary particle strip 
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According to Stokes Law the settling velocity is proportional to the 
square of the particle diameter. Thus: 
(5-23) 
If particles consisting of i dl-particles are considered, the relation 
between their settling velocity and the settling velocity of the 
primary particle is: 
v. 
1 
VMIN 
.2/3 
= 1 
It is assumed that the size relationship can be expressed as: 
d 3,-;-=- d i = v' 1 • l 
24) 
(5-25) 
In that way settling velocities defining limits between each fraction 
can be determined. It has been chosen to do that in the simplest 
possible way (eq. 5-24), but it is also possible to incorporate effects 
of e.g. varying density according to size or differences in viscosity 
(which affect the settling velocity). 
Once the first particle size chosen to represent 11 elementary particles" 
is determined, as a consequence the upper limit of the next settling 
velocity interval sizes, in terms of settling velocities, can be cal-
culated. 
The fundamenta 1 equation describing the growth kinetics ( eq. 5-8) is 
apparently not affected by the magnitude of size intervals chosen. 
However, a few modifications of the equations describing the breakup 
have to be made so that the breakup rate becomes independent of the 
initial size interval chosen. 
Besides, the equations have to be adopted to a finite number of frac-
tions. 
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The summation terms Sl(K) and S2(K) are determined according to: 
K-1 
S 1 ( K) = ~ 2: FRAC (I) · FRAC ( K- I ) · (I RPOT + ( K- I) RPOT) 31 
I-1 
/(I. (K-I)) 
(5-28) 
NFRAC-K 
S2(K) = 2: FRAC(K) · FRAC(I) · (IRPOT + KRPOT) 3/(K ·I) 29) 
I= 1 
where RPOT here, as in eq. consistently was set to l/3. 
The upper summation limit in eq. 5-29 is restricted to NFRAC-K 
because no floes in intervals greater than NFRAC is considered. Other-
wise the condition stated in eq. 10 is not fulfilled. 
The breakup rate can be written (only disappearance from fraction K 
is considered) : 
(5-30) 
where GPOT and DPOT are breakup and size exponents, respectively (see 
eq. 13). 
The breakup rate here is stated depending on the absolute particle size 
within the fraction K (indirectly calculated from the settling velocity), 
compare the eqs. 5-14 to 20. This modification is necessary to make 
the breakup rate independent of chosen size intervals. 
The terms S3(K) and S4(K) then, depending on assumed breakup mode, 
become: 
r-----:-:~::::-t D POT 
S3(K) = ( ) · FRAC ( K) ( 5-31 ) 
S3 ( l ) 0 (5-32) 
( K) K . 2: (I ) . 
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Eq. 37 was used as a basis for the construction of computer programs 
in order to determine appropriate values of constants and exponents 
for the model to fit available experimental data. The programs were 
written in FORTRAN and executed on a NORD-100 computer. The constants 
to be determined was the growth constant GCl, the breakup constant BC2 
and the exponents GPOT and DPOT. However space and time consuming it 
was found that the most effective way both for computations and in 
illustration of general issues of the model, was to draw figures 
containing cumulative settling velocity distributions. It should be 
stated that, as has been described, the settling analyses performance 
comprised extrcction of samples at times corresponding to the settling 
velocity interval 0.1 1.8 m/h. Values indicated outside this interval 
are extrapolated, and within this interval measured values are 
approximated, in both cases by means of a normal distribution. Thus an 
apparent accuracy in the following figures sometimes exeeds what can 
with some certainty be concluded from experimental data. 
The testing and calibration of the model demand that the input and 
output settling velocity distributions are known. Because settling 
tests have not been performed in the first flocculation tank, the 
study is at present limited to the third and fourth tanks. Thus the 
range of G-values for which the validity of the model is tested is 
limited to appr. 15 s 1. No attempts will be made here to make in-
ferences concerning the conditions in the beginning of the floccula-
tion process. 
As the output size distribution has to be known in calculation of the 
terms Si to S4 in eq. 37, the test procedure can be carried out 
according to one of the following alternatives: 
Calculation alternatives 
The output settling velocity distribution is calculated from 
eq. 5-37, with the sums Sl to S4 calculated from the known 
output distribution, and is then compared with the latter. 
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from the middle point of the interval. A discontinuity between the 
first interval and the second is inevitable to some extent according 
to the calculation method proposed here. However theoretically 
unsatisfactory, the practical implications are small, as will be seen. 
Data for illustrating some general issues of the model will firstly be 
taken from eqs. 17 and 18 and table 4-6. A more comprehensive 
evaluation is then made with data obtained at one occasion, consisting 
of the settling velocity response to variations of the power input. 
If the mathematical model according to eq. 5-37 gives an accurate 
description of the floc growth it offers, for example, the possibility 
to separate the effects of growth and breakup, of different assumed 
breakup patterns or the floc kup sensitivity according to size. 
A great number of calculations were performed from which three 
important conclusions could be drawn: 
2 
3 
The sensitivity for disruption of the floes according to 
their size can expressed by the exponent DPOT in eq. 5-30. 
A value of DPOT of 8 was found to fit the experimental data. 
This value is appli in the following if nothing else is 
mentioned. 
The relation between the floc breakup and the value as 
expressed by the exponent GPOT in eq. 5-30 was described 
satisfactorily if the exponent was given the value 3.25. This 
value of the exponent has been used consistently in all 
calculations presented in the following. 
The breakup model, i.e. a distribution of floc fragments in 
such a way that all fractions below the broken size achieve 
an equal increase in number of particles, was shown to give 
the closest agreement with measured size distributions. 
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No floc breakup. Calculation alternative: 1. 
2. 
Figure 5-ll gives an impression of the effect of the floc breakup. The 
breakup constant BC2 was here given the value 0 Consequently no 
transfer of floc fragments due to breakup is calculated. Similar plots 
made for experiments with lower power input showed, naturally, that a 
smaller amount of the floes was redistributed according to the breakup. 
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fig 5-12. Cumulative settling veloci distributions. Measured result 
compa1·ed to calculated according to eq. 5-37. Run Tl. 
GC1=0.9 ·10-5, BC2=3.6 · , NfRAC=25, Vt~IN=0.2 m/h. 
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In figure 13 is shown the result of an iterative procedure. As start 
values was given the settling velocity distribution in the inlet. The 
calculations were continued until the content in the first fraction 
was stabilized around an ultimate value with a prescribed accuracy. 
The procedure is not very successful. The convergence was slow. A too 
great prescribed accuracy of the content in the first fraction led to 
no converger1ce at all . If equations governing the cal cu 1 at ions are 
studied, it can be found that a fraction may be calculated to have a 
negative content. If the number of fractions is low and the start 
values are far from the ultimate values, this may lead to a divergent 
calculation pattern. In the present case the content of any fraction 
was not allowed to be less than zero~ but as can be seen there are 
several fractions that have become just zero content. 
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Fig 5-13. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. Run Tl. 
GC1=0.9 ·10- 5, BC2=3.6 ·10- 7, NFRAC=25, VI~IN=0.2 m/h. 
Floc breakup: NOOE=l. Calculation alternative: 4. 
To increase the convergence tendency when calculations were performed 
according to the fourth calculation alternative~ this procedure was 
modified. After each iterative step the best fit of a continuous size 
distribution function was used as a means to determine the content of 
each fraction to use as a 
In t a discontinui 
avoi The condi on that 
(as measu ones) was 
11 ng size dis 
is for the next step in the calculations. 
in calculated size dis bution was 
stri 
ent 
ons 
on calcula should be normal 
compa son purposes. Thus in 
as calculated by 
model according to calculatio alterna ve 4, are t t of con-
tinous functions normally dis buted. 
i tera on was 
as by the parameters 
on s was lower calcul 
(appli in cal cu l ons 
n a 
ich results are 
following gures) 
di less than 
i tera 
calcul 
tion of 
parameters in 
t 
rformed. Usually if that 
use a norma 1 dis 
on was s 
ious 
last two 
on. A 
was 
on 
accurately enough) were oscillating 
values. 
were 
max mum 
1 
d not 
in size s bu on 
consec ve 
1 e, 
SI 
mean values of the 
as an approxima-
16 i tera ons ~'Jere 
a SI 
rm to 
Also in that case the mean values 
consecutive steps were used to approximate 
rameters in last two 
It was 
le 6 provided a sc 
summa 
c 
on mean values 
assumptions on 
, are not in all cases sui 
ion 
from soli ta 
measu 
The results obtained 
ments in 
rna i nly a 
ition 
occulation 
es and 
i l i 
7 resul 
11 
i 
me 
l cons is 
the paddle 
seven (e.g. 
) . 
tion k 
a letter A if 
two numeral a 
occul on tan 
in 
a 
nal size dis bution. 
,7 
It 
lation 
run 
rst 
18 and in 
is 
given a 
i ndi 
( E if 
me in minu 
ng 
floccula 
247 
Table 6. Resul from six different floccul 
nk 
on patterns in 
----
Run no. 
A4E203l 
A4E2032 
A4E2033 
A4E2034 
A4E2035 
A4E2036 
A4E204l 
A4E2042 
I 
A4E2043 
I A4E2044 
I A4E2045 
. A4E2046 
I 
! A4El033 
I 
I 
A4El043 
i A4E304l 
A4E3042 
_____________ _[ ,, 
the third and fourth floccul on 20 min 1 
flocculation time and the corresponding results at 10 and 
30 min total flocculation time, respectively, with one of 
these patterns. Paddle type A4 2°C. No activated silica 
added. 
ing ocity distribution 
Nean 
G-value resi :e Mean i ng velocity Standard deviation 
( s 1 ) time (s) (m/h) (m/h) in out in out 
15.3 300 0.24 0.37 0.36 0.36 
ll. 8 300 0.26 0.43 0.39 0.49 
9. l 300 0.24 0.46 0 39 0.48 
7.0 300 0.18 0.46 0.59 0.72 
5.4 300 0.097 0.30 0.36 0.61 
4 2 300 -0.061 0.22 0.48 0.87 
5.2 300 0.37 0.70 0.36 0.57 
4.7 300 0.43 0.62 0.49 0.60 
4./lr 300 0.46 0.76 0.48 0.83 
4.0 300 0.46 0.68 0.72 0.92 
3.7 300 0.30 0.57 0.61 0.76 
3.4 300 0.22 0. 50 0.87 l. 0 
9. l 150 0.19 0.35 0.54 0.58 
4.4 150 0.35 0.45 0.58 0.76 
5.2 450 0.54 l . 0 0.37 0.55 
4 7 450 0.74 0.96 0.59 0.65 
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Fig 5-15. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4E2032. GC1&3,9 · J0-5/GVALUE0·65 , BC2:1.2 · 
NFRAC::.lOO. VMIN=O. 13 m/h. 
floc breakup: MODE=l. Calculation alternative: 4. 
The iterative procedure did not converge to the prescribed accuracy in 
the calculations represented in the figures 5-14 and 5-15, that caused 
an uncertainty especially in the determination of the settling velocity 
standard deviation calculated by the model. 
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Fig 5-18. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4E2035. GC1.:3.9 ·10-5/GVALUE0•65 , BC2:::1.2 • 10-6 
NFRAC=lOO, VMIN=O. 13 m/h. 
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Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4E2036. GC1=3.9 ·l0- 5/GVALUE 0· 65 , BC2=1.2 · 10-6 
NFRAC=lOO, VI·1Itl=O.l3 u/h. 
Floc breakup: MODE~l. Calculation alternative: 4. 
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0 i 
compared to calculated 
~ 
A4E204l. GC1::3.9 · 
VMIN"'O. 13 
M00£"1. 
I ) 
II 
/7 /. ~ 
ll 
7 ----
---------
) ----
---------
distributions. Measured resul 
according to eq. 5-37. 
65
,BC2::l.2· 
alternative: 4. 
/; ~trltf"' [/p' 
h 
0 ( 
G 0 t 0 2 G 
M/H 
distributions. Measured result 
according to eq. 5-37. 
BC2=1.2 · 10-6 
4. 
m~-
3 
253 
I B 
/ 1:~ I~ 
/ 
,// / I 
I I ·'/ 
1.) i5 
~ I ' .T v 
/ v:/ ·'/ ~-----f~ 
f/ jY 
-----
Q 
j:Q 
IX 
0 ti :::::> 
t-
w 
> 
t-
:5 
w 
IX 0 4 
w 
> 
t-
:5 
:::::> 
::E: 
:::::> 
u 0 c 
I 
----
-----
) --------------
() I B 2 0 
SETTLING MIH 
Fig 5-22. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4E2043. GC1=3.9 · l0- 5/GVALU£0· 65 , BC2=1.2 · 10-6 
NFRAC=lOO, VMIN=O. 13 m/h. 
Floc breakup: MODE=lOO. Calculation alternative: 4. 
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Fig 5-23. Cumulative settling velocity distr-ibutions. Neasured result 
compared to calculated result according to eq. 5-37. 
Run A4E2044. GC1=3.9 · 10- 5/GVALU£ 0· 65 , BC2=l.2 · 10-6 
NFRAC=lOO, VMIN=O. 13m/h. 
Floc breakup: MODE=l. Calculation alternative: 4. 
>-
1-
Q 
~ 0 L'l-------- .---) I---T-'----/-------I--------------1-------------~- ---- ------------ i 
:::::> 
1-
w 
> 
1-
<t: 
_I 
~ (1 
w 
> 
1-
:5 
:::::> 
~0 (J 
Fig 5-24. 
>· 1-
Q 
~ 
:::::::> 
1-
w 
> 
1-
<t: 
_I 
~ 0 
LL! 
> 
1-
:5 
:::::> 
~ 
u 
Fig 5-25. 
0 
f• 
/ 
fi 
V,~ / ,_1--t, 
/,1~ 
.1// 
/ 
? 
~l '-----
VELOCITY, MIH 
/' 
v~ 
~ 
0 
-1--
~~-
~/ 
,-------
---
2 0 
MIH 
. Measured result 
toeq. 5-37. 
BC2"' 1. 2 • 
---~-·--·~--
3 
255 
I. 0 
-
/ 
~· 
/:I !? 0 
/.I >-1-
a 
~ G 6 Ill 
:::::> 
1-
w 
> 
1-
:5 
~G 
w 
> 
1-
:5 
:::::> 
ao 
G. 
II 
.71 
rt__ 
2 
1-
G ---·---
G G 
--
I G 
SETTLING VELOCITY; MIH 
tiHtffitHHttttH 
2 0 
Fig 5-26. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
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Run A4E1033. GCl=3.9 ·10-5/GVALUE0· 65 , BC2'"1.2. 10-6 
NFRAC=lOO, Vf.llN=O.l3 m/h. 
Floc breakup: MODE=l. Calculation alternative: 4. 
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13 111/h. 
MODE=l. Calculation alternative: 4. 
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Fig 5-29. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4f3042. • 10-5/GVALU£0•65 , BC2"' l. 2 • 10-6 
Floc alternative: 4. 
The figures 26 and 27 on one hand and the figures 5-28 and 5-29 
on the other hand are based on data obtained at 10 and 30 minutes 
total flocculation time, respec vely. These experiments are performed 
at a different occasion (compared to the 12 previous figures) and there 
are some indications that the raw water properties have changed and/or 
the flocculation conditions are slightly different. The proper cause is 
not known. Nevertheless, the calculations converged rapidly when the 
model was applied on the data at 10 minutes flocculation time. This 
was not the case for the calculation result represented in the figures 
5-28 and 5-29. A great uncertainty in calculated settling velocity 
standard deviation remained after 16 calculation steps. 
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Fig 5-30. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4A2031. GCl::3.g · l0- 5/GVALU£ 0· 65 , BC2::l.O · 10-7 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4. 
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Fig 5-31. Cumultative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4A2032. GC1=3.9 · l0-S/GVALUE0· 65 , BC2=l.O. 10-7 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4. 
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Fig 5-34. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
-5 0.65 -7 Run A4A2035. GCl=3.9 · 10 /GVALUE , BC2=1.0 · 10. 
NFRAC=20. Floc breakup: MODE=l. Calculation alternat1ve: 4. 
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Fig 5-35. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4A2036. GC1=3.9 ·10- 5/GVALUE 0· 65 , BC2=l.O ·10- 7 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4. 
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Fig 5-36. Cumulative settl distributions. Measured result 
compared to according to eq. 5-37. 
Run A4A2041. GC1"'3.9 ·10- 5/GVALU£0· 65 , BC2=l.O ·10- 7 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4 . 
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Fig 5-38. Cumulative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37., 
Run A4A2043. GCl"'3,9 ·l0- 5/GVALUE 0· 65 , BC2,l.O. 10-'7 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4. 
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Fig 5-39. Cumultative settling velocity distributions. Measured result 
compared to calculated result according to eq. 5-37. 
Run A4t12()44. GCl=3. 9 · 10-S /GVALUE0· 65 , BC2=l.O . 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4. 
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Fig 5-40. Cumulative settling veloci distributions. Measured result 
compared to calculated according to eq. 5-37. 
Run /\4/\2045. GCl=3.9 ·l0-5/GVALUE 0· 65 , 13C2=1.0 ·l0- 7 
NFRAC=20. Floc breakup: MODE=l. Calculation alternative: 4 . 
. 0 , ___ 
-- GJ:-:!0= ~~ ~ 
+ _ _:: 
0. 8 I/ 
Q 
....... 
PQ 
0: 
::::> 
.__ 
w 
> 
.__ 
:5 
w 
0: 0. 
w 
> 
.__ 
:3 
::::> 
7' 
Bf--. v v 
I / 
.I/ 17+ 
v 
I· 
~ 
u 0.2 
'------
I .0 
Fig 5-41. Cumu1tative settl 
compared 
Run A4A204 6. 
NFRAC=20. Floc 
/ 
// 
I/ ~/ ky 
l2 1- -----· ----··· -·· -----· -
·--- --- -------
---- --- ---
1--- --· 
2.0 3.0 
VELOCITY$ M/H 
distributions. Measured result 
to eq. 5-37. 
BC2=1 .0 · 
alternative: 4 
-----
4.--o 
---
5 
5.4 Discussion and some consequences of the particle size 
distribution model 
In the previous section a particle size distribution model was 
developed and was found reasonably well conform to measured data ob-
tained at a variety of flocculation conditions. 
The results obtained when particle size distribution model was 
compared to obtained data, can be summari as follows: 
The particle growth rate was found proportional, not as was 
expected to the G-value but approximately to the G-value 
raised to the exponent l/3. 
2 The particle breakup rate was found to be proportional to the 
G-value raised to the exponent 3.25. 
3 The sensitivity for disruption of the floes increased with 
their diameter raised to the exponent B. 
4 A breakup mechanism, where floc fragments are distributed 
equally in number to sizes less than the broken floc, was 
shown to be the most appropriate of those tested. 
5 The addition of activated silica only affects the breakup rate 
proportionality constant, the latter can be interpreted as 
inversely related to the floc strength. 
The relatively limited range of G-values for which the model could be 
tested (3.4-15.3 s 1) has, naturally, some impact when the generality 
of the findings shall be discussed. 
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In order to illustrate some ral features of the particle size 
distribution model a number of calculations (independent of measured 
data)were performed. The parameters of an initial settling veloci-
ty distribution were chosen to .vm=D 3 m/h and u = 0 3 m/h. The 
changes of the settling properties were calculated for varying mean 
residence times, G-values, and degree of compartmentalization. The 
calculated result is, naturally dependent on the initial settling 
velocity distribution Therefore the following figures should only 
be seen as shematic illustrating pictures 
As start values, moreover, for calculation reasons it is demanded 
that a settling velocity distribution is given Hereby difficulties 
arise when the initial flocculation course is to be calculated. There 
is no basis to judge what is a reasonable input in the very beginning 
of the process. One possibility is to perform calculations backwards 
(see calculation alternative 2) for different experiments. In fact, 
such computations were performed, but the results were uncertain. 
Besides, the flocculation pattern description here becomes speculative 
as the power input usually is appreciably higher than the values for 
which the model could be tested. 
The chosen initial settling characteristics thus can be seen as rep 
resentative for values occuring in the 11 middle 11 of the flocculation 
process 
1.0 
6 
0+-------------~--------------~------------~ 
0.3 
MEAN SETTLING VEL m/h 
Fig. 5 2 Calculated changes of an initial settling velocity dis-
stribution (vm=0.3 m/h, o=0.3 m/h) after flocculation in 
one completely mixed reactor. Varying mean residence time 
(T,s) and G-value GC1=3.9·10-5/GVALUE0 65 BC2=1.2·10-6 
NFRAC=50. Floc breakup: MODE=1. Calculation alt.:4 
Fig 
0. 
5 
0.3 0.4 
Calculated changes of an initial 
stribution (vm=O 3 m/h, o 0 3 m/h) 
T = 600 s 
one completely mixed reactor. Varying mean 
(T s) and lue GC1 9 10 5jGVALUE0 65 
NFRAC=50 oc kup: MODE=1 Calculation 
velocity dis 
flocculation in 
residence time 
BC2=1.0-107 
alt.: 4. 
figures 5-42 and 5-43 the calculated performance 
if the mean resi time T and the lue are varied in one comp-
letely mixed flocculation tank. In order to make the changes more 
evi the is is to another scale than the o-axis. The 
p and growth constantsare given the same values as those pre-
viously valid thout the addition of activated sili 
ca (figs 5 5-42 y) 
The computational result more uncertain less convergence 
tendency) the more the distance to the initial settling properties 
increases Consequently the absolute values corresponding to each point 
can be questioned. However, the principal tendencies of the calcula 
result seem to rna sense: 
As res i time increases the maximum attainable mean settling 
velocity increases. G-value,which corresponds to the maximum point, 
is reased with increasing time. If the changes for a constant G-
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value is followed, at first the standard deviation (and the mean 
settling velocity) increases Then a maximum dispersion is reached, 
whereupon it is reduced together with a vanishing growth of the 
mean settling velocity. The differences between fig 5-42 and fig. 
5-43 reflects the improved strength of floes caused by the activated 
silica; in the model expres 
BC2. 
as a diminished breakup constant 
A low G value and a long detention time result in an appreciable 
increase in the dispersion of floc sizes The absolute value of 
that increase, at e.g. s 1 is questionable Strictly, the 
changes in the settling velocity distribution in that case imply 
a slightly deteriorated floc quality It is believed intuitively 
that mixing at low mixing intensities cannot make the floc sett-
ling properties to be worse than in the proceeding flocculation 
tank. 
The effect of a compartmentalization of the flocculation volume 
is illustrated in figs 5-44 and 5 The total flocculation time 
(300 s) is here kept constant, and the number of completely mixed 
flocculation tanks in series (N) is varied from 1 to 8 The division 
of the reactor volume leads to a dramatic improvement of the floc 
quality, independent of the value The mean settling velocity 
increases with increased division of the flocculation volume, and 
most importantly: the tandard deviation decreases at the same 
1.0 
0 +----------------~----------------~----------------------------~ 
0.3 0.4 0.5 0.6 0.7 
MEAN SETTLING m/h 
Fig. 5-44 Calculated changes of an initial settling velocity dis-
tribution (vm=0.3 m/h, 0.3 m/h) after flocculation in 
various number (N) of completely mixed reactors. Total 
flocculation time 00 s. GC1 .9·10-5/GVALUE0.65,BC2= 
1.2·10-6,NFRAC=50.Floc breakup: MODE=1. Calc alt :4. 
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0.4 0.7 
Fig 5 5 Calcul changes of an initial veloci dis 
tribution (vm=O 3 m/h o = 0 3 m/h) flocculation in 
various number (N) of compl mixed reactors Total 
flocculation time T=300 s GC1 9 10 5;GVALUE0 65, BC2= 
1 0 10-7.NFRAC=50 oc kup: 1 lc.alt .4. 
time Principally 
(in fig 5-45) that 
oc sizes 
in fig 5 oc 
a more accentua impact on 
5-44 and 5-45 (contrary to 
The situation is 
kup idently 
it is s king 
least dispersion of 
different 
should have) 
result In fi 
results in figs 5 and 5 the 
results more certain, a calculation point of view 
ies is increased It is so as the distance to initial oc 
se calculations are performed successively in smaller steps 
as the number compartments increases 
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6 SOr.1E ASPECTS ON THE OPERATION WATER TREATMENT PLANTS 
The determination of appropriate power input into the flocculation 
unit is of little value unless, for example, the required coagulant 
dose and a correct pH-value are appli . Thus the resul referred 
to in Chapter 4 are only valid if the basic conditions stated in 
Chapter 2 are fulfill . Investigations at 20 ish water treat-
ment plan reveal that in many cases this was not the case. In 
Section 4.3.2 more specific information concerning the power input 
and the floc settling properties found at the plants were given. 
Here, some general aspects will be mentioned. 
The operational problems were often found to be more fundamental than 
the factors dealed with in Chapter 4, in spite of the fact that chemical 
treatment of surface waters is considered to be a well known practice. 
The dose of the coagulant added, exclusively aluminium sulphate, was 
on the whole almost the same as the required dosage obtained from jar-
tests according to Chapter 2. Figure 6-1 shows the applied dose as a 
function of the required dose obtained from the laboratory experiments. 
The deviation from the required dose usually is less than 10%. An over-
dose with respect to the required dose is more common than the 
opposite. Hardly any plant applies a dose more than 15% below the 
required one. 
g l . a l ni urn s e to requi dose 
at jar tests. 
a na uence on treatment result 
a chi on in re l on to ired 
accura to some 
va ng lue meas treatment parameters can 
in i l in 
sion of pH can to an of 
la On accurate pH-measure~ 
ments are inc as is 
The difficulties to obtain an accurately measured pH-value can great 
when the water is low the water is poorly buffered. 
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The jar-test results made it possible to estimate a favourable pH~ 
interval at the coagulant dose applied at the plant. In figure 2 
this interval is indicated as ordinate. The width of this interval is 
among other things depending on the relation between applied and 
required coagulant dose. As abscissa the measured pH-value at the plant 
is indicated. A number of samples were measured. The size of this 
interval is a measure on the process stability, when pH is considered. 
(Values less than 0. l pH-uni are not indicated). 
zo.---------------------~-----------------------
Fig 6-2. Desirable coagulation pH and measured values. 
If measu desira e values coinci i.e. indicated areas are 
eros line con wor sa s to ly. can 
seen is is not always case. about half of plants 
viation from desired value is more than 0.2 units. 
ia ons are more evi in figure 3 my values are 
values nuous instruments or 
. It can t 
la on pH some reason is tely ld at a value di from 
mum in some cases. 
On vertical axis s l i values are indicated on 
izontal axis the 11 real" ones Great efforts were made to minimize 
systematic er-rors attributed to t latter value: The measurements, t 
point bufferi and sto ng of 1 ow ra tu re ectrode 
were carried out at the raw water 
were all to take some time. It was s t time 
(at ca. 2°C) for the to return to an inititial value after 
an intermediate buffe ng was at least nutes. If 
se efforts 
re s t i 11 is 
some tematica1 error 1 , in te of pH-
to an values the pres 
error of the same magni 
in the same way. 
iments should be attri 
use measurements were carried out 
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-... 6. 5 
Fig 3. Coagulation pH according to information at the plant compared 
to measured values. 
It was concluded in Section 4.3.2 that the power input applied 
generally is low. In figure 6-4 this is schematically illustrated. Here 
the theoretical sedimentation result (calculated from settling tests in 
the last flocculation tank) at the surface load 0.5 m/h is indicated as 
a function of the maximum value encountered during the flocculation. 
The latter is assumed to be a measure of the power input on the whole, 
especially 1n the beginning of the flocculation process. (The highest 
G-value is in fact usually encountered in the first flocculation tank). 
In re it s consi r ulation pH lies 
interval a if activa silica is A de 
di values can obs However, a of 
mentation result can increasing maximum 
values. acti silica can in some 
cases. 
t water trea pl 
Fig 
e flocculation 
as a on 
flocculation. 
are more one point 
in rall were measu s ra y. 
UE (s 1) DURI FLOCCULATION 
ion result at a surface load of 0 5 m/h 
i flocculation tank) 
du ng 
11 seal mentation sin can 
gure 5. residual amounts of floes are indi 
een in 
compared 
imentation to 
ci 
tion. 
occur: 
rate. 
up to 
va ations 
ocs remaining s 
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0.3 
0.2 
0 
0 
• 
0.1 
0 
0 
Fig 6-5. Sedimentation efficiency versus overflow rate. 
The conditions related above have of course some consequences for the 
effluent quality from the filter units. These are most evident if the 
residual aluminium content of the filtrate is analyzed. In the 
figure 6-6 measured concentrations of aluminium in the filtrates of the 
treatment plants are indicated as ordinates. When possible, samples 
were taken from a filter recently back-washed and from that in turn to 
be cleaned. This gives .two values between which the aluminium content 
of the filtrate is supposed to vary. 
rizontal axis the 
same lant 
coagulation pH). si 
as 
a a zontal 
Hi umns in di 
was hi 
1.0 
0.1 
Fig 6. aluminium 
to 
results from 1 abo ra tests 
as l i ant a 
e result at ent 
al nium content in 
cea ell) 0.15 mg Al/1 is i 
line. 
ndicate too long lter runs 
filtrate 
results. 
are found 
mum 
tap water 
as 
treatment 
The corresponding diagram but with respect to organic matter as 
measured by the permanganate number is found in figure 6-7. The Swedish 
standard of 20 mg KMn04/l evidently represents a too low level of 
ambition. No appreciable difficulties would occur at any water treat-
ment plant to achieve half this value. 
The values here are not always quite comparable because some treatment 
plants have granul carbon as filter medium. Thus an 
additional remove of organic matter is obtained during the filter 
operation by adsorption. 
15 
0 
10 
Fig 6-7. Permanganate number of the filtrate in the water treatment 
plants compared to laboratory results. 
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7 SU~~MARY 
In this thesis the influence of some important factors affecting the 
coagulation of surface waters is studied, particularly the flocculation-
sedimentation process. The objective of is is to provide data 
and procedures for an appropriate design and an tive operation 
of the occulation s of a conventional water treatment p1ant. 
In Chapter 2 coagula on aquatic humus is bri y reviewed. 
MeasureiTients on a full scale together with laboratory coagulation 
tests were carried out at 20 Swedish water treatment plants. The jar 
test results obtained showed good agreement with the treatment result 
of each water treatment plant at tile corresponding coa~ulant dose 
and pH-value. The required coagulant dose was fauna to be related to 
the properties of the raw vwter. 1-lmvever, the relationship between raw 
water quality and coagulant dose, is not accurate enough to replace 
the trial-and~error method the jar test procedure. 
In Chapter 3 flocculation theories are revi . The problem of 
measuring "flocculation ciency 11 is discussed. It is quite natural 
when sedimentation is appli for ration, to characterize the 
floc quality in terms of ling properties. A method is presente~ 
how to treat quiescent column settling data to obtain a normally 
distributed s ing velocity distribution characterized by a n1ean 
settling velocity and a settling velocity standard deviation. Theoreti-
cal considerations and an adjustment to practical results leads to a 
method useful for computing the result of a continuous sedimentation 
process from quiescent column settling data. The mean settling 
vel o ci ty an J the d i s per s i on of s 2 t ·(I i n g v e 1 o c i e s as we 11 h a v e to be 
considered when optimum floc es are to determined. A high 
mean settling velocity does not necessarily mean a good floc quality. 
Furthermore, optimum floc settling properties cannot be determined if 
not the sedimentation operation is consi simultaneously. 
Methods to measure and to calculat~ the power input to a flocculation 
tank encountered in the literature are critically reviewed. It is 
shown that an widely used expression, originally developed by Camp, has 
to be revised Measurements from laboratory up to a full scale are 
presented, which show excellent agreement th theory. 
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The design of a flocculation unit, where the size of the reactors 
gradually is increased, has been ted and compared with the con-
ventional design with a constant reactor size. The results reveal 
a pronounced additional flocculation efficiency at short floccula-
tion times (10-20 minutes) for the nonuniform system. 
In Chapter 5 measured data are tested according to their consistency 
with prevailing flocculation theories. A satisfactory explanation of 
the various results was not obtained. The previous models, however, 
were not able to adequately describe the expected result after a 
separation process (only sedimentation is considered) and what is 
most important, how the removal efficiency varies with the applied sur-
face load. A mathematical flocculation model, where the particle size 
distribution was taken into account, was developed. The accuracy of the 
model is dependent on assumed breakup patterns. Three different assump-
tions were made. A breakup mechanism, where floc fragments are distri-
buted equally in number to sizes less than the broken floc, was shown 
to be t11e most appropriate of those tested. The model was found to con-
form reasonably well to measured data obtained at a variety of floccu-
lation conditions. With the 1nodel it is possible to calculate the 
settling properties in the effluent of a flocculation tank based on 
an initial settling velocity distribution. The main parameters 
determining the floc growth process are the power input and the floccu-
lation time. The model could be tested however, only for a relatively 
limited range of G-values (3.4- 15.3 s 1). The results obtained can 
be summarized as follows: 
The floc growth rate was found to be proportional, not as was 
expected to the G-value, but approximately to the G-value raised 
to the exronent l/3. 
The floc breakup rate was found to be proportional to the 
G-value raised to the expon~nt 3.25. 
The sensitivity for disruption of the floes increased with their 
equivalent diameter raised to the exponent 8. 
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A 
A 
A 
A 
A 
A 
a 
B 
B 
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B ( v, v) 
B 
B 
b1 
BC2 
c 
c 
C,C1 ,C2 
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c 'c . m m1n 
D 
D ,D .. 
lJ 
d 
d 1 'd2 
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NOTATION 
Defin-ition 
number of acid equivalents added 
with the aluminium sulphate dose 
particle growth proportionality 
constant 
constant 
sedimentation area 
dimensionless work parameter 
paddle area 
coefficient in expression for the 
effective density according to 
floc size 
raw water alkalinity 
breakup constant 
breakup function 
constant 
dimensionless work parameter 
regression coefficient 
floc breakup constant 
concentration of a substance 
coagulation 
dimensionless work parameter 
constants 
concentration of a substance 
raw water 
after 
in the 
Dimensions 
+ 
meqv H /1 
3 -1 
m · s 
2 
m 
2 
m 
kg · m 3 
H+/l meqv 
s · m 
m -3 . s -1 
(-) 
First appea 
ranee in eq 
(2-13) 
(3-48) 
(3-66) 
(3-78) 
(3 112) 
(3-93) 
(3-46) 
(fig. 2-1) 
(3-38) 
(3-58) 
(3-66) 
(3-112) 
(4-14) 
(5-37) 
(2-14) 
(3-112) 
(2-14) 
minimum observed concentration after (2-14) 
coagulation at a certain coagulant dose 
coefficient of drag dimensionless (3-93) 
turbulent gross drag coefficient " (3 111) 
Chemical oxygen demand, potassium 
permanganate as oxidizing agent 
required coagulant dose 
diffusion coefficients 
paddle width 
particle diameters 
stable floc size 
mg Al-sulphate/1 (2 10) 
m2 . s 1 ( 3 ) 
m 
m 
m 
(3 105) 
(3-6) 
( 3-41 ) 
dk oc diameter in size tion k (5-13) 
oc size (5-31) 
mean resi time in a reactor s ( 7) 
at 2 nm, 4 em ( ) (2 
II II II II II II ( ) (2 
FTU Formazin tu idi unit (2-5) 
F(v) cumulative oci (-) distri tion (3 
f(v) oci distri tion (-) (3 1 ) 
FD on a paddle N (3 ) 
f is rcy friction tor ( ) (3 11 2) 
F oc turbidi FTU ( 5 1 ) 
II II II ( 7) 
fk relative tu idi of size ion k ( ) (5 ) 
fk(in) nto a reactor (-) (5 12) 
(K) II II II ( ) (5 7) 
out a reactor ( ) (5 12) 
II II II II ( (5 7) 
G mean oci g ient s (3 
GVALUE II II II II (5 7) 
GPOT t (5-30) 
GC1 constant (5 7) 
H lue ( 2 14) 
Ho minimum (2 14) 
curves) 
H minimum 
m ) 
h i Ill (3 
htot tota umn 
II (3 
h on in depth II (3 78) 
0 
JTU son turbidi unit (2 
K K1 K, constants {_ 
k Boltzmanns con J . ( 3-1 ) 
ionali icient, Ill (3 ) 
e g 
K p 
K 
p 
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constant characterizing the stirring 
equipment 
floc size exponent in a size-density 
relationship 
(3-33) 
(-) (3-46) 
K 
r 
a/v ratio for constant residual turbidity ( ) 
r1 
(3-77) 
(3-89) K lam coefficient related to the removal efficiency (-) of a shallow depth sedimentation unit 
k 
L 
L 
water co-rotation coefficient 
dose of pH-adjusting chemical 
lamella length in a shallow depth 
sedimentation unit 
m floc breakup exponent 
m dimensionless time variable 
m1 ,m2,m3 regression coefficients 
MODE floc breakup mode 
n.,n.,n 1, l J 
n2,nk,nF 
number concentrations 
n(v),n(v,t)number concentration distributions 
nt total number of particles per unit 
n stable floc size exponent 
n collision-agglomeration exponent 
n paddle shaft rotational speed 
N number of compartments in series 
N. dimensionless number concentration 
l 
( ) 
m 
-3 
m 
-6 
m 
of volume 
rps,rpm 
N. number concentration of primary particles 
l after the i th compartment 
NFRAC total number of floc size fractions 
OLDFRC(K) see fk(in) 
pH 
0 
pH 
s 
p 
q 
Q 
q 
r 
r,r.,r. 
l J 
raw water pH 
desired coagulation pH 
constant 
flow 
II 
rotational speed exponent 
paddle distance from the shaft 
particle radii 
3 
m · s 
3 
m • s 
m 
m 
(3-94) 
(fig 2 1) 
(3-79) 
(3-49) 
(3-57) 
(4-14,4 15,4-16) 
(eqs. 5-17 to 5 20) 
m 3 
( 3 1 ) 
(3 
(3-42) 
(3-56) 
(3-94) 
(3-52) 
(3 57) 
(5-1 ) 
( 5 7) 
(fig 2-1) 
( II II ) 
(3-98) 
(3 50) 
(3-78) 
(3-99) 
(3-94) 
( 3-1 ) 
R .. 
lJ 
s 
s 
S1(K) 
( K) ' 
SIGMA 
t 
T 
T 
T 
T 
t/T 
v 
v v. v 
l 
v 
v 
m 
N 
( K) 
raw water our 
raw water CODMn 
raw water idity 
n 
lision ius 
oc ius 
oc size 
total residence time 
compartment 
maximum floc size 
izontal l la distance in a 
s llow depth imentation unit 
(K) Summation terms, floc growth 
(K) II II breakup 
see o 
time 
mean resi time 
ute 
total occulation time 
occulation time 
tu 1 ent mean 
uctuation 
II 
ow oci 
ume 
II 
ion 
oci 
maximum mean 
at a 
t 
II 
ocity 
ow rate 
to 
oci 
flocculation 
mg Pt/l 
mg KMno4;1 
mg Si02/l 
m 
m 
( ) 
(-) 
(-) 
m 
m· 
s 
s min 
K 
Nm 
s min 
m·s 
m3 
-1 
m · h 
1 m . h 
m· 
m· 
m · s 
m· 
mean 
from 
outlet m · 
u 
size 
ni 
interval 
oci 
m· 
ocity m. 
( 2-8) 
(2-7) 
( 2 ) 
(3-3) 
(3 2) 
(3 53) 
(3-106) 
(5 28) 
(3 56) 
(3 79) 
( 5 12) 
( 5 14) 
( 3-1 ) 
( 3 51 ) 
( 3-1 ) 
(3 ) 
( 4-1 ) 
( 4 1 ) 
(3 
(3 
(3-15) 
(3 ) 
(3 
(5-27) 
(3 78) 
( 3 ) 
(4 2) 
( 5 
(5 23) 
(5 
(5 
v. 
1 
w 
W. (t/T) 
l 
w. 
l 
X 
X 
X 
0 
X opt 
Y. 
l 
yk . 
' l 
y 
a 
(j, 
0 
e,(v,v) 
y 
0 
cp (X) 
(X) 
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settling velocity of a floc con-
sisting of i primary particles 
power input 
variation of the power input 
with relative flocculation time 
weighing factor 
standardi 
variable 
normal distribution 
number defining power input variation 
II II II 
corresponding to vmax 
m 
II 
optimum power input variation 
II 
filtrate residual, substance i 
comparison value for filtrate quality, 
substance i 
m/h (5-24) 
watt/m 3 (3-40) 
watt/m 3 ( 4 1 ) 
(-) (2 17) 
( ) (3-66) 
( ) (4 
(-) (4 
(-) (4 13) 
(2-17) 
(2-17) 
flow divided by surface area of a shallow m3/(h·m2) (3 78) 
depth sedimentation unit 
collision efficiency factor 
inclination angle of lamellae in a 
shallow depth sedimentation unit 
( ) 
(-) 
collision-agglomeration factor depending 
on floc size 
( ) 
constant 
aggregation coefficient 
particle growth constant 
rate of angular distortion 
size distribution function 
mean rate of energy dissipation 
effective for flocculation 
floc volume fraction 
standardized cumulative normal 
distribution 
inverse function of ¢ (x) 
standardized normal distribution 
( ) 
(-) 
-1 
s 
(-) 
-1 
s 
3 
watt/m 
(-) 
( ) 
( ) 
(-) 
floc volume fraction of size fraction k (-) 
(3-9) 
(3-79) 
(3-56) 
(3-56) 
(3-29) 
(3-34) 
(3-92) 
(3 22) 
(3-34) 
(3-69) 
(3-73) 
(3 70) 
(5-5) 
\) 
w 
a 
SIGMA 
i 
a 
1 
'¥1 
n 
fluid dynamic viscosity 
fluid kinematic viscosity 
effective floc density 
floc density 
water density 
rate of angular displacement of 
a paddle shaft 
settling velocity standard deviation 
II II II II 
II II II II 
d . max correspon 1ng v 
m 
settling velocity standard deviation 
in the outlet from compartment i 
shear stress 
self-preserving size distribution 
function 
Kolmogoroff turbulent microscale 
2 Ns/m 
2 
m /s 
3 kg/m 
II 
II 
-1 
s 
m/h 
II 
II 
II 
( ) 
m 
( 3-1 ) 
(3-40) 
(3-45) 
(3-45) 
(3 5) 
(3-95) 
(3-67) 
(5-27) 
(4-2) 
(5-2) 
(3-92) 
( 3-31 ) 
(3-40) 
10 APPENDICES 
APPENDIX 
PILOT PLANT DESCRIPTION 
The experiments on pilot plant scale were carried out in a floccula-
tion tank with a total volume of 6.9 m3. The tank ign provided 
the possibility to vary division of tank volume by movable 
partition walls. Usually the occulation volume was divided into 
four equal compartments. In parall with the pilot plant a reference 
plant was operated with constant flocculation conditions. Thus the 
effect of uncontroll factors, such as varying raw water quality, 
could be recorded. Additional information concerning the design of 
paddles is given in Sections 3.4.3.2 and 4.2.3. 
NaOH Al-sulphate 
PILOT PLANT (7 m3) 
Fig. A. 1. Sketch of the pilot plant 
Lamella 
sedimentation 
Fi 1 ter 
units 2 (2·0 3 m ) 
The lamella sedimentation unit of the pilot plant is characterized by 
the following data: 
Horizontal water surface area: 1 m2 
Horizontal lamella distance: 0.1 m 
Lame 11 a length: 1 . 9 m 
Lamella inclination angle: 55° 
Two filter units with sand and sand-anthracite, respectively, received 
water from the pilot plant sedimentation unit. No results from the 
filter operation are reported in this treatise (see Hernebring, 1978). 
a coagu ant a 
A so1u on 
water treatment 
2 
ium sul te was used (Boliden 17-l Al 2o3). 
was continuously extracted from the 
k Goteborg. The solution was 
water to prevent operating problems 
in on i consisting of a needle valve and a flow 
meter. In all pilot plant ments 40 mg Al-sulphate/1 was dosed 
to 0.1 0.14 mmoles 1. pH-adjusting, NaOH 
r pump. 
g. A. 2. pilot ant 
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The alum solution and the pH-adjusting chemical were added to the 
water in the raw water pi before the pilot plant. Turbulence was 
generated by the mixing device shown in figure A.3. The openings in 
the metal plates were varied according to the flow. Two mixing units 
were placed at a distance of ca. 8 min the raw water pipe with the 
diameter 100 mm. NaOH was dosed at the first mixing point in all 
experiments reported. 
The neutralized silica sol solution (activated silica) as well, was 
extracted from the Lackareb~clc water treatment plant. The prepara-
tion of the activated silica is made by adding aluminium sulphate to 
a sodium silicate solution. The sodium silicate, trade mark Aurosil 
N3l (Alsell&Agren), with appr. 28% Si02 is diluted and mixed with 
aluminium sulphate in a reactor, where the formation of polysilicates 
takes place. The polymerization is stopped by dilution after appr. 
0.5 h mean residence time in the reactor. The concentrations in the 
reactor are ca. 1.6% of both alum and Si02. The final dilution makes 
the activated silica solution to contain 2 g Aurosil N3l/l. During 
the experiments pH for the solution in the reactor varied from 8.1 
to 9.3, the alkalinity 76 meqv/l, and the gel time from 70 to 110 
minutes. The dosage of activated silica is in this treatise given in 
terms of the commercial product, Aurosil N3l. In the pilot plant 
experiments the dose was 2 mg/l, corresponding to ca. 0.6 mg Sio2;l. 
The activated silica solution was added in the first flocculation 
tank. 
g. A. 
g A. 
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ENOIX 2 
RESULTS PILOT EXP 
DATE: ?/2 lq76 to 6/3 1976 
FLOCCUL ITT 
Run no. 1 2 3 4 5 6 7 8 9 10 11 12 l3 151617 18 
Total occu 
lation time 10 10 10 0 10 10 30 30 
(min) 
Power i I 3 2 1 3 2 1 3 2 1 3 2 1 3 2 1 3 2 1 
(see 4 1) 
2 ppm activa-
ted silica 
Coagulant 
Coaqula ion 
Paddle 
llni forr: 
Temperature: 1. 
Turb i di 
1\lkalini 
Run 
no. no 
1 2 
") 
j 
4 
2 0 (. 
3 
4 
3 2 
'} 
4 
4 
" 
L 
3 
4 
30 
0 
4 0 
4.2 
4.7 
3 6 
3 6 
") 7 ~· 
3.7 
3 7 
3 • .8 
3 6 
] 5 
3 R 
X 
/m 
i 
4 4 1 
') 9 3 6 J 
4 l 3 0 
3 7 3 4 
') 6 3 0 ...; 
3 6 2 2 
3 ") '} ? ,.) •.Je...J 
3 2 2 5 
") 
,) 2 1 R 
'} 5 3 3 J 
3 r::, 3.0 
J.S 2 8 
- X X - X X X 
a stan-
ta 
me n} IGMA 
m/h m/h 
2.:1 3 1 0 31 0 
2.5 2 5 0 34 0 
2 0 2.S 0 0 76 
2 2 
" 
0 1 6 0 {.. 
2 0 1 8 1 R 0 61 
1.6 1 3 1 1 0 
" 
3 1 9 1 R 0. 0 57 L. 
1 5 1 2 1 1 0.60 0.80 
1 
" 
(_ 1 1 1 0 0.84 0 96 
2 5 I? 6 1 7 0 19 
2 1 1 7 1 3 0 0 
, 7 1 5 1 l 0 45 0 ~ 
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i ( ) at le 
Tonk 30 em after mentation time (min) S I G~1/\ 
no no. 0 10 20 40 60 120 m/h m/h 
5 2 3.5 3.5 3 6 2 7 2.6 1 B 0 12 
2 3 5 3 5 3 2 1 P, 1 7 1 2 0 0 
4 3 6 3 2 1 4 1 3 1.2 0 0 
6 2 3.6 3.7 4 2 1 8 
3 3 6 7 0 1 6 ] 2 
4 3 6 3 6 2.0 1 6 1 0 117 0 7 
7 2 3.3 3 1 3 ? 1 0 17 l 0 (_ 
3 3 0 2 5 1 6 1 1 0 0 1 2 
4 3.0 0 1 1 0 0 1 3 1 5 
8 2 3 3 0 
3 3 0 
4 3 0 
9 2 3 3 3. 1 0 0 
3 3 4 3 1 0 68 0 88 0 
4 3.4 2 0 3 1 0 
10 2 3 5 3 .2 0 0 
3 3.6 3 3 1 3 0 0 
4 3 4 3 2 1 1 0 .. 0 0 
11 2 3 5 3 1 6 0 
3 3 3 9 1 0 0 
4 3 5 3.2 '1 9 0 o. 
12 2 3 r:: .J 3 5 3 5 3 3 1 1 0 0 
3 3 5 3 5 3.3 1 8 1 0 0 o. 
4 3 7 3 6 2 4 1 4 1 0 0 0 0 
13 2 3 f) 3 5 1 9 1.4 1 0 1 3 
3 3 4 2 1 0 0 2 1.2 
4 3 6 1 5 0 75 0. 0 3 2 1 
14 2 3 5 3 7 1 0 69 0 73 
3 3 8 R 0 1 1 0 
4 3.8 I) 0 0 1 R 1 3 L 
15 2 4 3 4 1 0 0 70 0 75 
3 4 4 3 8 0 1 f) 0 
4 4 6 2 2 0 1 g 1 3 
16 2 4 4 4 2 7 4 1 0 69 0 qp 
3 4 3 4.0 1 8 1 2 0 0 0 0 95 
4 4 4 3 0 1 '1 0 73 0 63 0 J 4 1.0 J. 
·' 
17 2 4.8 4 8 4 2 1 9 1 6 1 0 f17 0 40 
3 4 8 4 6 3 3 1 5 (). 04 () 0 0 59 
4 4.9 7 2 1 1 0 65 0 0.96 0 65 
18 2 4 7 4 8 6 2 1 1 2 0 40 0 
3 4 7 4 7 4 0 1 7 1 0 77 0 0 ?,7 
4 0 
.• u 5 B 1 0 0 (l 1 1 n 0 
APP 3 
FROt't PI 
DATE: 10 1976 
occu-
ime 10 
I 
(see 1 ) 
act iva-
silica 
SOr1E CHARACTER! 
Temperature: 2 
Turbidi 
Alkalin 
Run 
no 
:1 
32 
Jl 
,) ~ 
34 
:?.5 
36 
37 
39 
no 
c: 
J 
4 5 
4 4 
4 4 
4 4 
4 4 
4 5 
4 4 
4 4 
0 
0 
') 
4 
9 
5 
7 
0 
8 
7 
40 s.n 
41 4 5 0 
4 4.8 
43 4 5 
44 4 5 4 
45 4 5 
46 4 5 2 
47 4 5 5 
4 5 4 
ERI 
3.1 34 35 
10 10 10 ]0 
1 
X 
R 
mS 
3 3 1.7 
0 8 1 ? L 
3 2 1.4 
4 3 3 n 
4 5 2 6 
4 5 3 
2 0 1 2 
2 B 1 4 
I 
,l 8 1 R 
4 1 2 0 
5 0 2 8 
4 6 4 0 
2 7 1 ') 
'-
4 0 2 1 
3 9 2 J J 
5 2 I 0 ,) 
5 3 4 7 
5 2 3 g 
NTS 
l7 40 41 44 45 48 
30 30 30 30 
3 2 3 1 3 2 1 2 1 
X X X - X X X 
3 
/1 
n) 
m/h 
1 4 1 2 1 3 1 4 
0 89 0 80 1 7 1 4 
0.87 0. 1 3 0. 
1 5 1 1 0 0 0 
1 3 0 0 87 0 79 0 68 
1 7 1 3 0 77 0 0 
0 HO 0 62 0 60 2 2 J 7 
() 0 56 0 47 1 6 1 1 
1 I 0 95 0 1 1 0 . .) 
0 0 0 1 1 0.78 
1 2 0 p,g I) 0 82 0 
1 I 1 2 0 70 0 0 37 J J. 
0 0 0 1 7 1.2 
0 0 57 0 47 1.2 0 BC 
0 0 63 0 ') 0 80 c 
0 0 0 0 79 0 56 
2 ') 1 1 O.B6 0 54 0 L 
1 9 1 1 0 67 0 66 0. 
PI 
5 1976 
Run no 
occu 
lation me 
(min) 
(see 
p 
Co a 
Coa 
Uni 
R 
no 
Pl 
e 
no 
3 
4 
3 
4 
3 
2 
3 
4 
I 
1 ) 
ITI 
Pl 
mg Al 
6 3 
4 1 3 
4 0 3 0 
4 0 2 $ 
4 l 
4 1 3 8 
4 1 2 6 
3.8 8 
3 8 2 2 
3 1 5 
4 0 4 2 
0 3 
4 1 7 
4 3.8 
4 2 3 ?. 
4 0 1 8 
4 2 3 
4 1 
4 2 3 ? ._) 
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~ITS 
1 
c 
ion 
0 
1 7 
1 
6 
2 1 J 
1 4 0 
1 B 
1 3 
0 
l 7 1 3 
1 3 0, 
5 1 s 
8 1 3 
1 0 
1 
1 .., (. 
0 
2 
B 8 
n) SI 
m/h 
0 0 
1 0 
1 7 1 2 
1 4 0 0 
1 1 0 79 0 73 
0 70 1 4 1 2 
0 1 1 1 1 
0 0 1 r: 1 ? ,.} ~· 
0 0 2.3 1 8 
1 1 0 113 0 75 
0 75 0.91 0 
0 58 1 • 4 1 1 
1 1 l Q 0 78 
0 0 67 1 .1 0 
0 0 2 0 1 6 
1.4 () 61 0 
1 2 0 0 0 
0 Q 1 1 0 
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ERI 
ION cor~o TI 
Run no Al2 3 4 5 G J\24 A26 
occu-
la on ime 20 20 20 20 
(min) 
Pm·1er i 1 4 5 6 1 2 3 4 h 6 
(see eq 
2 act iva- X X X X X X 
tc silica 
C oa gu l unt 
Coagulation 
Paddle g 
Uniform rtmentalization 
/1 
i 
e 
Run 30 mentation time ( n) SI 
no no 0 1 m/h m/h 
f111 2 5 3 7 3 0 3 0. 0 
1 5 0 3 3 1 9 1 7 0. 0. ...., 
3 8 1.3 1 3 1 1 0 70 0.57 
2 2 5 4 5 6 5 2 3 2 9 2.5 0 0 39 
3 5 5 4.6 2 6 2 3 1 6 0 43 0.49 
5 5 3 3 3 2 2 1 6 1.3 0 0 60 
'1 2 5 4 4 3.9 2.7 2 3 0 ,_) 
"') 5 4 5 3 1 8 1 7 0 ~) 
4 5 5 5 1 8 1 6 1 3 0 76 
5 4 5 5 4 9 3 3 1 2 8 0 0 
5 4 5 2 4 3 2.5 2.1 1 9 0 0 
5 5 5 4 3 3 2 0 1 7 1 7 0 0. 
Al5 2 5 4 5 5 4 4 3 9 3.0 0.10 o. 
3 5 3 5 3 4 5 3.3 2 5 "') • ,J 0 30 0 61 
4 5 5 5 2 "') 2 2 0 1 8 0 0 76 ..) 
308 
e 
VM IGMA 
0 4R 
3 0 
1 0 
0 0., 
3 0 48 0 
4 0 0 
0 
3 0 0 
4 1 1 1 1 
2 0 
3 0 98 
7 
3 
2 
3 
4 
2 
3 
4 
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I 
1977 
I ON T I S 
Run no Cll Cl2 C13 C Cl 6 
occu-
on time 
n) 
i I 
(see eq 1) 
') ppm activa-(... 
ted ilic~t 
Coagulant 
Coagulation 
PaddlP 
Uni 
Run 
no no 
Cll 2 
~ 
4 
Cl2 2 
3 
4 
Cl3 2 
3 
4 
c 2 
3 
4 
C15 2 
'1 
~' 
4 
3 
5 2 
2 
5 4 
5 3 
4 
5 6 
5 4 
5 4 
3 
5 '1 ~· 
5 ~ 
5 9 
5.7 
5 8 
1 2 3 4 5 6 .L 
Al 1 
t 
4 9 4 7 
4.8 2 8 
3 9 1 7 
5 7 5 5 3 8 
5 3 4 7 2.6 
5 4 3 4 1 8 
5 7 5 5 3 6 
5 2 2.5 1 8 
5 3 5 0 3 3 
5 0 4 2 2 9 
5 2 2 9 2.0 
5 8 5 4 4.2 
5 7 4 0 3 0 
5 2 3 1 2 2 
1 2 3 4 5 6 
X X X X X X 
n) SI 
3 4 2 5 0 
1.8 1. 4 0. 
1.6 1 2 o. 
3.0 2.5 0 0 .. 47 
e 1 1 9 0 0 
1 5 1 4 0 70 o. 
3 3 4 0 0 
2 3 1.8 
1.7 1 4 1 1 1.4 
2 9 2. 0 0 
2 2 1 8 0 0. 
1 R 1 7 0 1 2 
3.6 3 2 0 
2 6 2 2 0 71 
2 1 1.8 0 93 
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i ) at 
30 em mentation time ( n) SI 
no no 0 10 40 60 120 m/h 
Cl6 2 5 5 6 5 4 4.8 3 9 3 2 0 o. 
3 5 5 5 3 9 3 0 3 8 2 3 0 1 0 
4 5 8 5 2 3 2 2 7 2 2 1.9 0 1 3 
2 5 3 5 2 4.7 3 6 2 4 1 9 0 0 
3 5 2 5 2 3 7 2 0 1 4 1 4 0.61 0 ~)9 
4 5 4 4 5 1 6 1 3 1 1 1 1 1 l 0 88 
2 5.3 5 5 4 7 2 7 2 3 2 0 (i 0. 
3 5 J 5 .. J J 3 1 8 1 6 1 5 0 0 61 
t1 5 5 4 3 1 7 1 3 1 3 1 3 1 1 1 0 
2 5 3 5 6 4 3 2 8 5 .. 3 0 0 
3 5 3 5 2 3 2 2 1 1 9 7 0 1 0 
4 5 4 4 3 1.9 1 7 1.6 1 5 0 2 
2 5.3 5.3 3.3 9 2.7 2 5 0. 
3 5.1 5 1 3.1 2 1 2 1 2 1 o. 
4 5 6 3.7 2 .. 0 1 7 1 7 1.6 1 1 1 
2 5.3 5 5 4 8 3 .. 3 2 8 2 7 0 o. 
3 5 1 4 8 3.0 2 4 2.2 2 2 0 1 1 
4 5 5 3 9 2 3 1 1 8 1 8 0 1 
2 5 7 5 9 5 4 6 3 0 
3 5. 7 3 9 3 1 2 8 2 .. 6 1 2 
4 5 5 4 4 3 0 2.4 2 3 2 1 1 4 
Run no 
ION 
PI 
977 to 
al occu-
lation time 
( n) 
Power i 
(see 
net iva 
silica 
Tu i di 
Alkalin 
Perman 
Colour. 
pH. 6.6 
c i vi 
Run T 
no no 
Bll 2 
'J 
,) 
4 
812 2 
'J 
,) 
4 
B13 2 
3 
4 
E14 2 
3 
4 
815 2 
J 
J 
4 
14 8 
5 2 
5 
5.1 
5 1 
5 1 
5 2 
5 'J • ..J 
5 2 
5.3 
5 0 
4 9 
5 0 
5 1 
4 9 
5 J 
RI 
~3 8]4 815 826 
2 3 5 6 1 2 3 4 s 6 
X X X X X X 
1\1 su 1 
at ion 
le 
mentation time (min) SI 
1 m/h m/h 
5 3 0 3 2 2 6 2 1 0 0 
5 ?. 4 8 2 0 1 5 0 n 
5 4 Ll, 2 1.7 1 4 1 2 0 0 44 
5 1 4 7 3 2 2 5 2 0 0 30 0 
5 5 4 6 2 9 2 2 1 6 0.38 0.43 
4 C) 3 2 1 B 1.5 1 2 0 0. 
5.2 5 0 3 1 2 5 2 2 0 0 38 
5 0 4.2 2 7 1 9 1 7 0 0 
2 3 4 1.9 1 8 1 4 0 0 73 
5 0 5.1 3.1 3 0 2 6 0 0 31 
4 fJ 2 2 5 2.1 1 7 0.40 0.65 
5 1 3.2 1 9 1 7 1 4 0 0.80 
5 2 5 .l 3.6 3 3 2 8 0 07 0.67 
5 1 4 3 2 5 2 5 2.2 0 33 0. 
5 2 1 ? "-' t_ 2 0 1.9 1 6 0 63 0.91 
